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Abstract 
Fermentation is commonly used to produce food materials (beverages, dairy products), 
renewable fuels (hydrogen, ethanol), pharmaceuticals (antibiotics) and industrial chemicals 
(acetate, butyrate). In industrial fermentation, a specialised, pure microbial culture is 
normally used to generate specific products. This requires expensive, sterile production 
conditions with high-quality raw materials. In contrast, Mixed Culture Fermentation (MCF) 
uses environmentally ubiquitous organisms to produce a mixture of products depending on 
the environmental conditions. As they are sourced from the environment, mixed cultures do 
not require expensive culture maintenance. In addition, they are capable of dealing with a 
mixture of substrates of variable composition and non-sterile feeds. This has the potential to 
reduce costs, increase reactor loading rates, and allow for continuous reactors, as opposed to 
batch operation. MCF is a preferable, flexible process in that can continuously manipulate 
product mixtures by changing operational condition. The key limitation to industrial 
implementation of MCF is the difficulty in predicting product formation based on operational 
conditions. This is due to a lack of understanding of how operational factors affect the 
various pathways, and hence the product spectrum, with pH being the most commonly 
manipulated process variable. This thesis attempts to further analyse the link between 
operational conditions, microbial community, and product spectrum.  Two experiments were 
done, the first focusing on mode of pH manipulation in a continuous reactor, and the second 
focusing on batch operation at different pH levels, and with different inoculums.  The 
continuous study varied pH from 4 to 8, with one experiment varying the pH from 4 to 8 
progressively (progressive), and the other resetting pH back to 5.5 as an intermediate point 
(reset).  The reset regime resulted in a highly dynamic community, shifting from Clostridia at 
low pH to Klebsiella, and a more dynamic product spectrum, with specifically ethanol being 
produced at high pH.  The progressive regime resulted in relatively flat microbial community, 
with less dynamic product spectrum.  Kinetic experiments done on the same reactors, varying 
also hydrogen partial pressure through nitrogen sparge rate, and using a membrane inlet mass 
spectrometer (MIMS) as measurement technique emphasised a number of time constants, 
including direct chemical response to pH change (1000 d
-1
), liquid and gas response to 
changes in gas flow and to pH change, likely related to mass transfer characteristics (100 d
-1
), 
and biological responses, mainly measured as ethanol (1 d
-1
).  Changes in microbial 
community are even slower than this.  The second batch indicated that the major factor 
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influencing rate and spectrum response was the inoculation pH, with biomass inoculated at 
pH4 being very slow in batch (1 d
-1
), and producing mainly ethanol, and biomass inoculated 
at higher pH levels being pH 6 (3 d
-1
) and 8 (10 d
-1
) being progressively faster.  The slowest 
batches were at batch pH 4 for each inoculum regardless of the inoculation pH.  The results 
from the batch work hence contrast with the continuous work in that the primary driver is 
inoculum history rather than current conditions.  Based on the overall thesis, microbial 
communities are multi-capable, with very different communities achieving the same 
outcomes in terms of product spectrum (with acetate-ethanol-butyrate spectrums dominating), 
and microbial community is a steering or filtering factor rather than the primary factor (which 
remains environmental conditions. 
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1 INTRODUCTION 
 
There is global demand for low environmental footprint alternatives to fossil derived fuels, 
chemicals, and energy (Kleerebezem and Van Loosdrecht, 2007). Anaerobic bioconversion 
processes are a key plank in this goal, as they allow transformation of chemicals without 
intrinsically reducing its energy content (Batstone and Virdis, 2014).  The reason for this is 
that there is no external electron acceptor, and organic chemicals are transformed without 
changing the overall oxidation state.  Indeed, electrons are normally concentrated in specific 
reduced products such as methane, with excess oxygen being removed as carbon dioxide 
(Batstone and Jensen, 2011).  This offers the possibility to extract chemical energy or basic 
chemicals in a purified form from low value mixed streams (Kleerebezem and Van 
Loosdrecht, 2007). 
Anaerobic processes are capable of dealing with a wide range of complex and high strength 
wastes such as municipal (Seghezzo et al., 2006), agricultural (Mata-Alvarez et al., 2000), 
and industrial wastewater (Kleerebezem and Macarie, 2003) in both liquid and solid phases. 
As well as providing volume and mass reduction of the input material, anaerobic digestion is 
also widely used because of its low energy input and operating costs: it does not require 
power supply for aeration and it produces only low volumes of sludge (Tchobanoglous et al., 
2003). The major sink is energy for heating (which can be derived as a cogeneration product 
from burning methane), and electricity to mix the reactor, which at approximately 0.1 
kWh.m
-3
 reactor volume (Greenfield and Batstone, 2005), is relatively minimal compared to 
the energy produced. Anaerobic digestion has been used most widely for destruction of 
organics to the final product of methane (Batstone and Jensen, 2011), but as a multistep 
process, it can be manipulated to produce alternative intermediate products, including 
hydrogen  and organic acids and alcohols. These are particularly of interest, not only for 
fuels, but as potential inputs and outputs for the emerging biochemical refinery concept, 
where anaerobic (Kleerebezem and Van Loosdrecht, 2007) or even bio-electrochemical 
(Rabaey and Rozendal, 2010, Logan and Rabaey, 2012) processes are manipulated to 
generate products of interest depending on market and feedstock opportunities.  
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1.1 Anaerobic fermentation 
Traditionally, anaerobic digestion is applied to eliminate pollutants or decrease waste 
volumes, normally with generation of methane as a default energy and electron sink.  This is 
a relatively low value product, competing with current international fossil natural gas pricing, 
valued at approximately $2-$5/GJ (USEIA, 2012). There is now growing interest in its 
application for the generation of alternative products, including intermediates such as organic 
acids, alcohols, and hydrogen. Most of the valuable products are produced during 
intermediate phases, such as fermentation, and it is necessary to understand how these 
intermediate phases are framed by the whole process.  
There are four major stages in anaerobic digestion (Figure 1). The digestion process begins 
with hydrolysis of the input materials, which is the solubilisation of insoluble organic 
polymers such as carbohydrates, particulate proteins, and lipids, thereby making them 
available for acidogens. In the fermentation step, fermentative or acidogenic bacteria convert 
sugars and amino acids to VFAs such as valerate, butyrate, propionate, and acetate; alcohols 
and ketones such as ethanol, methanol, glycerol, and acetone; and CO2 and H2.  Acetogenic 
bacteria then convert these resulting organic acids into acetic acid, hydrogen, and carbon 
dioxide during the acetogenesis. Acetogenesis occurs in a syntrophic relationship with 
Methanogenic archaea, which maintain hydrogen concentrations at very low levels by 
converting it to methane.  This is an obligate syntrophy, in which the net conversion of higher 
organic acids such as propionate cannot occur in the absence of the hydrogen utilising 
archaea (Stams, 1994).  Approximately 30% of the total methane is generated through 
syntrophic methanogenesis (Batstone and Jensen, 2011). The other 70% is generated from 
acetate by aceticlastic methanogens, which split acetate to methane and carbon-dioxide 
(Gujer and Zehnder, 1983, McCarty and Smith, 1986). There is an alternative process, mainly 
dominating at higher temperature or ammonia concentrations, where syntrophic acetate 
oxidising bacteria or archaea convert acetate to carbon-dioxide and hydrogen in conjunction 
with archaea that simultaneously convert the hydrogen to methane (Karakashev et al., 2006). 
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Figure 1 Conversion process in anaerobic digestion. Adapted from Jensen (2008)  
The overall conversion rate of materials is dominated by the rate-limiting step.  For 
particulate materials such as cellulolytic solids (e.g., straw), or sewage sludges, the rate-
limiting step is hydrolysis, with time constants (time required to convert 60% of the available 
substrate) on the order of 3-10 days (Batstone and Jensen, 2011, Pavlostathis and Giraldo-
Gomez, 1991).  For highly soluble substrates such as sugars, amino acids, and organic acids, 
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the rate-limiting step is methanogenesis, with doubling times on the order of 3-10 days.  
These organisms are also most inhibited by low pH, or inhibitory or toxic compounds such as 
ammonia (Batstone et al., 2002).  The focus of this thesis is on fermentation, which is widely 
regarded as the fastest and most robust process, with doubling times on the order of 3-12 
hours (Batstone et al., 2002, Batstone and Jensen, 2011, Kleerebezem and Van Loosdrecht, 
2007, Pavlostathis and Giraldo-Gomez, 1991).  Therefore, the challenge in operating this as a 
single step process is to choose substrates that are highly degradable, and a dilution rate that 
prevents hydrogenotrophic methanogenesis.  This normally means the use of soluble 
saccharides or amino acids as substrates, with hydraulic retention times on the order of 3-12 
hours, as stated later in this thesis. 
The highly sensitive processes of hydrolysis, syntrophic acetogenesis, and aceticlastic 
methanogenesis have received a high level of kinetic, mechanistic, and microbial analysis 
(Batstone and Jensen, 2011).  In contrast, while the very rapid process of fermentation has 
received analysis large amount of fundamental analysis due to its biotechnological 
importance (Angenent et al., 2004, Madigan et al., 2012), and there is substantial information 
on the kinetics of fermentation  (Batstone et al., 2002), models that predict product formation 
are limited (Batstone et al., 2002, Batstone et al., 2006, Temudo et al., 2007).  While 
kinetically, it is never rate-limiting, its product variation may change depending on the 
environmental conditions.  An increase in interest in fermentation as a stand-alone process 
has increased a focus on how internal metabolic interactions determine product mixture.  At 
the same time, there is a growing understanding that the microbial ecology of fermentation is 
more complex than previously thought (Rafrafi et al., 2013).  These aspects, particularly from 
the perspective of mixed culture fermentation as a novel stand-alone process drive the 
remainder of the literature review. 
1.1.1 Fermentation Processes 
Fermentation, or acidogensis is a process where organic materials are decomposed in the 
absence of an external electron acceptor (Batstone and Jensen, 2011). While protons can be 
used as an electron acceptor under thermodynamically favourable conditions to produce 
hydrogen (Ramsay and Pullammanappallil, 2001, Rodríguez, 2006, Temudo et al., 2008), this 
is not obligate, and the process can donate electrons to make reduced and oxidised products 
simultaneously.  Common fermentation substrates include sugars (discussed further in this 
thesis), C3 compounds such as glycerol, pyruvate, and lactate (Dharmadi et al., 2006), and 
amino acids via Stickland reactions (Ramsay and Pullammanappallil, 2001), in which 
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fermentation occurs through coupled oxidation and reduction of amino acid pairs.  Sugar 
fermentation is the focus of this thesis, and particularly C3 compounds and C5 sugars feed 
directly into glycolysis (formation of pyruvate from glucose) or pyruvate decarboxylation 
pathways (Madigan et al., 2012). 
1.1.2 Fermentation of sugars 
Sugar fermentation is probably the most widely applied biotechnological process used, 
applied to make a wide range of food products such as bread, cheese, vinegar, yogurt, and 
alcoholic drinks.  It has two key steps; glycolysis (conversion of C5-C6 carbohydrates to 
pyruvate), and pyruvate decarboxylation to form a range of products via acetyl-Coa.  A 
number of side products can be formed through fermentation of pyruvate (e.g., propionate, 
lactate, ethanol via acetaldehyde (Madigan et al., 2012), Fig. 2.  Fermentation initially passes 
through glycolysis, where sugars are oxidised to pyruvate.  From there, a number of products 
are potentially formed.  Bacteria oxidise or reduce pyruvate to C2 organic acids and alcohols, 
or propionate respectively, while yeast can reduce pyruvate directly to ethanol via 
acetaldehyde.  Oxidation pathways result in a net yield of electrons, while reduction 
pathways result in consumption.  Excess electrons are produced as hydrogen or formate. 
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Figure 2 Major pathways and products from fermentation.  
1.2 Importance of Mixed Culture Fermentation for Emerging Biotechnology and 
Biorefineries 
Bio-refinery refers to a new valorisation process where low value or waste materials are 
reprocessed into higher value fuels, commodities, and value added chemicals (Angenent et 
al., 2004, Batstone and Virdis, 2014).  The aim is to be able to take a generic organic feed, 
and produce different products depending on the market value of products (similar to a 
petrochemical refinery). Biorefineries are intended to act as a transition from the fossil fuel 
and chemical industry to a more sustainable model, using existing and emerging 
technologies, including biotechnology (Kamm and Kamm, 2004, Taylor, 2008). 
With the decreasing availability of fossil resources, biorefineries will be vital to development 
of non-polluting and sustainable energy sources that will replace fossil fuels. The raw 
feedstock is generally cellulosic crop residues and energy crops, though sugars can also be 
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used directly.  Oil crops are generally better processed directly into liquid fuels such as 
biodiesel (Fischer et al., 2009).  While processes such as gasification and reformation can be 
used to chemically convert organics to final products via intermediates such as syngas, these 
are high-temperature processes that generally lose a significant proportion of the inherent 
energy through oxidation or supply of external heat.  Biochemical anaerobic processes 
maintain almost all chemical energy in downstream products, while transforming this energy 
into a more useful form as chemical products or combustible gas. 
The fermentation process produces variety of useful chemicals. Products like bioethanol, 
biodiesel and biobutanol are produced from oil-based crops such as oil-seed rape and sugar-
and starch-based crop such as sugar beet and sugar cane through fermentation.  Among the 
future biofuels (alcohols, methane, biodiesel, and hydrogen), hydrogen is particularly 
promising due to its high energy content per weight and clean combustion. 
The relatively higher value of fermentation products makes these more attractive than 
methane as an end-product. VFAs have been used as feedstocks for the generation of 
biodegradable plastics and as carbon sources (substituting for costly alternatives such as 
methanol) for optimising biological nutrient removal processes. These can also used as 
building blocks for chemical or biological production of polymer (Jiang et al., 2012). 
The use of food-dedicated energy crops such as oil-seed, sugar beet and sugar cane has led to 
issues concerning food crisis and ecosystem destruction. According to Fischer et al (2009), 
for dedicated cropping in producing sustainable biofuel supply, approximately a million 
hectares of agricultural land would be required to meet the biofuel demand in the UK; double 
that would be needed for oil-seed rape production. Thus, to use food crops as feedstock to 
produce biofuel is not feasible with strong implications for food security. This requires the 
use of organic wastes, crop residues, and second generation energy crops such as algae as a 
feed stock for biorefinery processes. The use of lower value, more complex substrates as feed 
materials to biorefineries favours application of mixed culture fermentation, with the ability 
to control the process through manipulation of environmental conditions, and broad range of 
substrate capability (Jiang et al., 2012).  
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1.2.1 Emergence of Mixed Culture Fermentation (MCF) for biorefineries. 
Mixed culture refers to microbial populations of varied and environmental conditions, and is 
based on natural inocula with a high microbial diversity.  Research on MCF has increased 
rapidly, especially in biofuels production (Angenent et al., 2004, Kleerebezem and Van 
Loosdrecht, 2007) due to its broad substrate capability, low cost, and flexibility with respect 
to product formation. Fermentation is likely the most widely applied biotechnology process 
worldwide. This process is used in producing food products (beverage, dairy products), 
pharmaceuticals (antibiotics) and industrial chemicals (organic acids). However, in 
conventional bacterial or yeast industrial fermentation, a specialized pure microbial culture is 
required to produce a specific product. This increases costs of the process, with a requirement 
for, sterile production conditions and high-quality raw materials. In contrast, mixed culture 
fermentation (MCF) does not rely on a specialized culture and instead, environmental 
conditions are manipulated to direct product formation. MCF is potentially economic-
favorable and sufficient compared to pure culture fermentation.  It is also capable of 
accessing a broader range of substrates and hence suitable for fermentation of complex 
substrates. Even wastewater or agriculture wastes can be used as substrates for the production 
of bulk valuable chemicals.  In addition, mixed culture fermentation also enhances the 
process flexibility due to a diverse metabolic functionality. 
1.3 Fermentation pathways 
As stated in section 1.1.2, fermentation of sugars is broadly a two step process consisting of 
glycolysis to pyruvate, followed by pyruvate oxidation (decarboxylation) or reduction. 
Fermentation type can be divided into six major types of fermentation based on major 
products (Rodríguez, 2006) including lactate fermentation, acetate fermentation, butyrate 
fermentation, ethanol fermentation, propionate fermentation and mixed acid fermentation 
(Figure 3).  NAD
+
/NADH is assumed to be the general hydrogen mediator within the cell, 
carrying protons and electrons from (for example) glycolysis to pyruvate reduction to form 
lactate.  Reduced products (such as propionate or ethanol) generally act as an electron sink 
and excess electrons are wasted to, protons or carbon-dioxide to form hydrogen gas and 
formate respectively. 
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Figure 3 Key pathways for anaerobic glucose fermentation.  Hydrogen is shown as number of moles 
per pyruvate produced or consumed, and hydrogen producing reactions are generally matched with 
hydrogen consuming reactions. Adapted from Rodríguez, 2006 
There are two different pathways for glycolysis, 1) the EMP pathway, and 2) the ED 
pathway.  The EMP pathway occurs in most of animal, plant, fungal, yeast and bacterial cells. 
In this pathway, simple sugars such as glucose are converted into pyruvate, generating two 
moles net energy as ATP from ADP. Two molecules of NADH+ co-enzyme are also reduced 
per molecule of glucose. The ED pathway yields only half ATP and largely occurs in gram 
negative facultative aerobes such as Pseudomonas and E.coli (Willey et al., 2008). During the 
EMP pathway, glucose is converted to pyruvate, producing ATP from ADP together with the 
reduction for of NADH+ via glycolysis. During pyruvate oxidation, pyruvate is converted to 
Acetyl-CoA, CO2 and hydrogen by pyruvate-ferredoxin oxido-reductase and hydrogenase.  
In lactate fermentation, a NAD linked lactic dehydrogenase reduces pyruvate to lactate 
directly without further energy generation. Two moles ATP are produced from glycolysis and 
no further energy generated from pyruvate dehydrogenase, but the reaction does not produce 
net electrons (that need to be released as hydrogen or formate) (Madigan et al., 2012).  
In contrast, pyruvate oxidation does produce energy through substrate level phosphorylation 
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converted into acetate, butyrate and ethanol, depending on microbial capacity and 
environmental conditions. Energy generation through substrate level phosphorylation 
increases with degree of oxidation extent, and so does the net level of electron (i.e., 
hydrogen) production.  Acetate is an important oxidized product provides the highest degree 
of ATP generation (one mole ATP per mole pyruvate oxidised), but also the highest amount 
of uncoupled electrons (2 electrons).  Butyrate is an intermediate product, while butanol and 
ethanol consume electrons. Pyruvate reduction to propionate was previously found in strict 
anaerobes such as Clostridia which can activate molecular hydrogen production by the use of 
ferredoxin (Madigan et al., 2012).  
In ethanol fermentation, pyruvate is first activated, and converted by pyruvate decarboxylase 
into acetaldehyde and CO2. Acetaldehyde is then reduced to ethanol in a NAD linked reaction 
involving alcohol dehydrogenase. This fermentation is a major pathway in yeasts but is not 
important in bacteria (Madigan et al., 2012).  
In regards to pyruvate reduction to propionate, pyruvate is first carboxylated to yield oxalo 
acetate which is reduced to succinate and then decarboxylated to propionate. The overall 
process utilizes four electrons per pyruvate, but does not produce energy through substrate 
level phosphorylation. This is commonly coupled to pyruvate oxidation to acetate to generate 
ATP, with the propionate production pathway acting as an electron sink (Madigan et al., 
2012).  
1.3.1 Fermentation in pure microbial cultures 
Most extensive works on microbial fermentation of glucose have been done on pure cultures 
isolated from environmental or engineered systems.  This was the dominant method of 
investigation of microbial metabolism and function until the 90s when culture-independent 
molecular methods emerged as a key technique to investigate systems using their nucleic acid 
pool, without removing and culturing isolates (Hugenholtz and Pace, 1996).  Fermentative 
organisms have been classically of strong interest for culture based techniques, as they are (a) 
easy to grow on just sugars and media, (b) easy to find in environmental and engineered 
systems, and (c) of interest to human health and biotechnology as pathogens, contaminants, 
and mediators for useful processes (Madigan et al., 2012).  Indeed, the focus on pure culture 
and engineered pure culture fermenters may be part of the reason that these organisms have 
received less analysis in mixed cultures using directed modern molecular techniques to assess 
their in-situ function. 
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Pure cultures of Bacteria and Eukaryotes (e.g., yeast) have been used extensively throughout 
history in biotechnology. While alcohol beverage production is obvious, a good example of 
industrial use of bacteria is the Acetone-Butanol-Ethanol process utilising Clostridium 
Acetobutylicum (Weizmann, 1919).  The capability to ferment glucose as a primary catabolic 
substrate is spread across the whole of the phylogenetic tree of life, with fermentative-capable 
representatives in all three major domains.  A summary of capacity is provided in Table 1 and 
Figure 4. 
Bacterial fermentation is the most diversely observed and capability is broad across the whole 
domain.  As examples, Clostridium and Enterobacter are the most widely studied bacterial 
clades. Genus Clostridium are gram-positive obligate anaerobes and comprise of more than 
150 unique species. Enterobacter are gram-negative, rod shaped and facultative anaerobes 
(Colins et al., 1994). Clostridium are primarily found in soil saprophytes or human and 
animal gastrointestinal tracts. They have been widely reported to ferment carbohydrates, 
under mesophilic temperature and at pH 4-8. Apart from Clostridium and Enterobacter,  
Klebsiella and Escherichia coli are also reported in glucose fermentation  to acetate, ethanol, 
lactate, succinate and 2,3 butanediol (Gottwald and Gottschalk, 1985). 
Eukaryotes extensively utilise glycolysis as a preparation for the Krebs cycle and pyruvate 
reduction to lactate is a common transient branch under oxygen limiting conditions (Madigan 
et al., 2012).  However, Eukaryotes evolved with their energy metabolism linked to the 
aerobic energy processes in mitochondria, and there is a very range limited Eukaryotic 
organisms that have evolved to have an energy metabolism that is primarily anaerobic.  This 
includes mainly fungi (including yeasts), including multicellular ciliate fungi (Fenchel, 
1996).   
Archaea also broadly utilise glycolysis for energy metabolism, and in preparation for aerobic 
metabolism, but downstream reactions in anaerobic microbes are largely limited to pyruvate 
oxidation to acetate, with electron sinking to an exogenous electron acceptor such as sulphate 
(Fenchel, 1996).  
As a conclusion for this section, as examined in isolates and enriched culture metabolism, 
broad energy metabolism fermentative reactions (uncoupled to oxidative pathways) is largely 
limited to bacteria, with particular niches in Eukaryotic or Archaeal clades mediated by 
specialists.  In investigating mixed culture anaerobic fermentation, the community would be 
expected to be dominated by bacteria. 
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Figure 4 Microbial utilisation of fermentation pathways.  
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Table 1 Organisms which can ferment sugars 
 
Taxonomy  
domain 
 
Clade 
 
 
Example 
organisms 
Pathway 
*(refer 
Figure 4) 
Fermentation 
products Reference  
Bacteria Clostridium Clostridium 
acetobutylicum 
1, 6-9 
 
 
C2, C4 VFAs  
C2 alcohols 
H2 + CO2 
 (Napoli et al., 
2012); 
(Crabbendam 
et al., 1985);  
(Dabrock et 
al., 1992); 
(Collet et al., 
2004) 
Clostridium 
butyricum 
Clostridium 
pasteurianum 
Clostridium 
thermolaticum 
Enterobacter Escherichia coli 
1, 2, 6-9 
C2-C3 VFAs  
C2 alcohols 
H2 + CO2 
(Bisaillon et 
al., 2006); 
(Turcot et al., 
2008) Escherichia coli 
Ruminococcus 
albus  1, 6-9 
C1-C2 VFAs  
C2 alcohols 
H2 + CO2 
(Ntaikou et 
al., 2008) 
Citrobacter 
Klebsiella 
aerogene 1, 2, 6-9 
C2, C4 VFAs  
C2 alcohols 
H2 + CO2 
(Teixeira de 
Mattos and 
Tempest, 
1983) 
Lactobacillus 
Lactobacillus 
reuteri CRL 1, 2, 6-9 
C2-C3 VFAs  
C2 alcohols 
H2 + CO2 
(Gerez et al., 
2008) 
Propionibacterium 
Propionibacterium 
acidipropionici 1, 2, 6-9 
C2-C3 VFAs  
C2 alcohols 
H2 + CO2 
(Coral et al., 
2008) 
Eucaryota Yeast Saccharomyces 
cerevisiae 
1,3 
C2 alcohols 
 
(Nagashima 
et al., 1984); 
(Sievers et 
al., 1995) Zymonas mobilis 
Sarcina ventriculi 1,3,6-9 
C2 VFA 
C2 alcohols 
H2 + CO2 
(Goodwin and 
Zeikus, 1987) 
Fungi 
Neocallimastix 
frontalis 1,2,3,6-9 
C1-C4 VFAs  
C2 alcohols 
H2 + CO2 
(Bauchop and 
Mountfort, 
1981) 
Alga 
 
(Chlamydomonas) 1,2,6-9 
C1-C2 VFAs  
C2 alcohols 
H2 + CO2 
(Ohta et al., 
1987) 
Eucaryote 
Giardina 
duodenalis 1,2, 3 
C2-C3 VFAs  
C2 alcohols 
H2 + CO2 
(Brown et al., 
1998) 
Archaea Euryarchaeota Pyrococcus 
furiosus 
1,6,7 
C2 VFAs 
H2 + CO2 
(Kengen et 
al., 1996); 
(Perevalova 
et al., 2005) 
Thermoprotei Desulfurococcus 
fermentans 
  
 14 
 
1.3.2 Fermentation in mixed microbial cultures 
1.3.2.1 Microbiology 
In the natural environment, mixed culture fermentation dominates. Pure culture fermentation 
is the result of isolation and cultivation of such cultures for study or technological reasons.  
It is necessary to include more than one strain of pure culture for proper product 
development, even where a single strain is expected or known to dominate in the final 
community (Arora et al., 1991, Rafrafi et al., 2013). Mixed culture can be a controlled 
mixture of two or more single strain of pure culture. The relationship between these pure 
cultures can be complex regards to metabolism and development of the mixed culture over 
time. Food processing cultures, even when environmentally sourced have a low microbial 
diversity (Arora et al., 1991). In contrast, communities used as inoculum for industrial 
fermentation are likely to have a very high diversity and hence metabolic capability. A wide 
range of organisms are capable of fermenting glucose to organic acids and this diversity will 
increase for more complex feedstocks (e.g. mixed waste). It is expected the microbial 
community will also contribute to variation in product yield and spectrum. 
Microbial community structure of established MCF has a comparatively low level of 
complexity and diversity. Temudo et al. (2008) found (using DGGE) that Clostridia 
dominated at high (7.5-8.5) and low (4.0-5.5) pH, while Klebsiella dominated at intermediate 
pH levels (6.25-7.0), with most studies focusing on pH (see below).  
1.3.2.2 Factors determining product mixture 
pH. pH is often considered the most important regulating factor in glucose fermentation. 
Changes in hydrogen ion concentration influences reductase activity, and hence intracellular 
and extracellular microbial activity. Extensive studies have been conducted to determine the 
effect of pH on MCF product mixtures using glucose, generally focusing on different aims, 
including; production of ethanol (Zoetemeyer et al., 1982, Ren et al., 1997), specific organic 
acids (Horiuchi et al., 2002, Temudo et al., 2007), or hydrogen (Fang and Liu, 2002). Results 
have been contradictory. For example, Ren et al., (1997) found ethanol was maximized when 
the pH was between 4.3 and 4.9 (yield: 0.4-0.9 mol ethanol per mol glucose) whilst Temudo 
et al., (2007) and Temudo et al., (2008) found that ethanol was the main product at pH 
between 6.25 and 8.5 (yield: 0.58-0.7 mol ethanol per mol glucose). This leads to the main 
objective in this study in which changes in product spectrum in response to pH are 
phylogenetically (microbial community) or physiologically (chemically) mediated. The role 
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of pH in regulating product generation has also been studied using pure cultures including 
Clostridium sp. In a study conducted with Clostridium pasteurianum, Hendrickx et al., (1991) 
found ethanol formed at 0.02 mol ethanol for every mol of consumed glucose when pH was 
regulated at 5.5 and the yield increased at higher pH (yield: 0.06 mol ethanol per mol glucose 
at pH 8.0). Other studies found that pH affected  the gas production and microbial metabolite 
production increase when pH at the higher range (pH 6) s compare to lower pH (pH 4-5) 
when using glucose (Montville et al., 1985) and alanine feeds (Stinson and Naftulin, 1991). 
Butyric acid fermentation of xylose by C. tyrobutyricum changed from predominant butyric 
acid at pH 6 to lactate and acetate at pH 5 (Zhu and Yang, 2004). 
Temperature. The effect of temperature to fermentation products is also considered an 
important regulating factor. According to Cheong and Hansen (2007), gas from a heat treated 
inoculum contained hydrogen levels of up to 64% at pH 5. The dominating liquid by-
products include acetate, n-butyrate, and ethanol. Yields of produced hydrogen were 
dependent upon levels of n-butyrate. Infantes et al. (2011) observed the highest production of 
hydrogen in glucose fermentation at 26°C (128 mmole H2/mole glucose). Zhang and Shen 
(2006) concluded microbial activity and growth increased from 25°C to 40°C but was 
inhibited at 45°C. The yield of hydrogen were 356.0, 371.7, and 351.1 mmole H2/mole 
glucose at 25°C, 35°C and 40°C,  respectively. Hydraulic retention time (HRT). Zhang et al., 
(2006) found that hydrogen yield was 1.6 mol/mol glucose at 8 h HRT. Other than hydrogen, 
the predominant dissolved products were butyrate and acetate in a ratio of 2.1:1 and at 82–
94% liquid products. Propionate was the main residual.  
1.3.2.2.1 Regulation modelling 
The above analysis indicates that it is possible to direct MCF to produce selective products by 
manipulating operational conditions. However, the challenge is to determine mechanisms of 
manipulation and identify whether these follow thermodynamic or metabolic principles. In 
pure cultures, product mixture is determined by both thermodynamic constraints (reactions 
that are theoretically possible according to environmental concentrations), and enzymes 
availability.  As an example, while yeast could thermodynamically produce acetate and 
butyrate from glucose, they will only produce ethanol due to absent of the enzymes 
catalysing the pyruvate decarboxylation.  In a diverse mixed culture inoculum, there is a 
broad range of capacity that if treated as a ‘superculture’ with complete metabolic capability 
mean that microbial populations will always optimise product mixture based on energetic 
considerations.  Taking the assumption of a broad range of metabolic capability in MCF, 
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products restricted by thermodynamic considerations rather than metabolic capacity was 
considered in current regulation models (Rodriguez et al., 2006). However, in practice, a 
mixed culture will be shaped by previous operation (Rodríguez et al., 2006), and the 
metabolic range may be directed towards specific products. 
Modelling of MCF with glucose was initiated by Mosey (1983), in an attempt to describe the 
impact of pH and hydrogen on the availability of NAD+/NADH, and hence flow of products 
to acetate, butyrate and propionate. The model was then upgraded with product inhibition and 
lactate production, and validated with published data by Costello (1989). Ruzicka (1996) 
extended the model proposed by Mosey (1983) to include cellular thermodynamics. 
However, the aforementioned models did not incorporate biochemical information, 
membrane generated energy, or maintenance (Rodríguez, 2006). 
Rodriguez et al., (2006) and de Kok et al., (2013) proposed a new approach to model the 
MCF, focusing on the prediction of product spectrum by considering the thermodynamics 
situation as a whole. The models can only predict a steady-state situation, and has not been 
properly validated. The situation governing ethanol formation in particular is not clear. 
While there is a promising framework, there is still a tenuous link between the physical 
system and the models proposed. The most promising, comprehensive model (Rodríguez et 
al., 2006, Rodríguez, 2006) is still unable to predict the dynamic conditions (e.g. lactate), and 
there are significant research gaps implementation, further development, and validation of the 
model due to the lack of understanding the effect of pH on fermentation. 
1.3.2.3 Technology for monitoring and control of MCF 
Monitoring of fermentation state is often done by offline methods such as Gas 
Chromatography-Flame Injection Detector (FID) and Thermal Conductivity Detector (TCD). 
Dynamic control of fermentation products, even with a good understanding of regulation 
mechanisms requires on-line sensors.  For example, gas analysis is needed to identify the 
presence of methane, which is an indicator that electrons are being lost through 
methanogenesis (Batstone and Jensen, 2011). These microorganisms can be avoided by 
having lower HRT as their growth is slower than fermenters (Mladenovska and Ahring, 2000, 
Napoli et al., 2012). There are limited on-line monitoring systems available to control 
fermentation at the basic regulation level.  Some of these are listed in Table 2.   
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There are reasonable methods to measure basic parameters such as pH, and possibly single 
products such as H2 in the gas phase. However, unified methods that measure a range of 
products are very limited and/or very complex and generally not applied at industry level. 
This is commonly due to the complexity of the system itself. For example, a sensor like pH 
probe is portable, quick response and easy to use, unlike a HPLC, where auto-sampling is 
needed to inject a sample to the detector for measurement. State measures such as pH, redox, 
and gas phase hydrogen can be readily measured through simple instruments, while aggregate 
properties such as total organic acids can be measured by FTIR and biosensors.  HPLC can 
be used to measure most analytes (excluding ethanol), but is difficult to operate continuously, 
slow, requires sample preparation, and requires specialist expertise, and continuous support.  
There is a need for instrumentation particularly for monitoring fermentation processes 
beyond the basic instrumentation widely used for anaerobic digestion processes. 
 18 
 
Table 2 Online monitoring system for glucose fermentation 
Online system Component 
measured 
How it works Advantages/ 
disadvantages 
Reference 
pH sensor pH Electrochemical or semiconductor based 
analysis of H
+
 ion concentration 
1. Measured by default 
2. Low cost 
3. Only a small component of regulation 
4. Redox 
 
Gas phase H2, 
CO2 
(semiconductor, 
IR, GC) 
Gas phase H2 Samples and analyses gases continuously 
through standard methods 
1. Gas and liquid phase H2 generally not in 
equilibrium (Pauss et al., 1990) 
(APHA, 
1998);(Pauss et al., 
1990) 
Liquid phase 
H2 
(semiconductor 
based) 
Liquid phase H2 Uses liquid-gas silicon loop with carrier gas to 
detect H2 in liquid phase.  H2 is detected by 
rare earth metal semiconductor 
1. Low cost 
2. Simple 
3. Poor responsiveness 
4. Not a direct measure (needs calibration) 
5. Poisoned by H2S 
(Björnsson et al., 
2001) 
FTIR 
FTUV 
Liquid phase Fourier-transform IR or UV Ex-Em spectrum 
scanning 
1. Simple 
2. Can be applied directly in matrix 
3. Measures multiple analytes 
4. Needs calibration to matrix 
5. Sensitive to solids 
(Steyer et al., 
2006) 
MIMS 
(mixed culture 
fermentation) 
H2, CO2 (both 
gas and liquid 
phases), ethanol 
(organic acids 
possible) 
Uses semi-permeable membrane to transport 
analytes into mass spectrometer. 
Mass spectrometer then measures the mass-to-
charge ratio of charged particles. 
1. Rapid response 
2. Can measure liquid and/or gas phase 
3. Measures compound up to 200 MW 
4. Minimal invasive technique 
(Bastidas-
Oyanedel et al., 
2010) 
TOGA 
(wastewater 
treatment) 
Mainly gas phase 
H+ production 
rate, CO2 
production rate 
(anaerobic) 
An inert gas (with known concentration and 
velocity) is fed to reactor as internal standard. 
The transfer rate of target gases (H2 & CO2 
for anaerobic) is determined by measuring the 
change in their concentration relative to inert 
gas. 
1. Effectively account bicarbonate (pH 
change). 
2. Need specific gas to operate; expensive 
(Pratt et al., 2003) 
 
*continued 
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Biosensors 
(electric nose)  
 
Liquid phase 
H2, ammonia, 
alcohol (gas 
phase) 
Use array of different chemical sensor for 
identification of volatile compounds and 
different odours. 
Pattern recognition routines based on 
statistical method or on artificial neural 
network (ANN) to evaluate sensor array 
responses. 
1. Heat sensitivity 
2. Measures only aggregate properties. 
3. May drift. 
4. Long time-constant 
(Eklöv et al., 
1998) 
 
Biosensors + 
FIA 
(pure culture 
fermentation) 
Liquid phase 
Glucose, ethanol, 
phosphate, 
ammonia 
Modular system that consists of an in-line 
sterilizeable crossflow microfilter, a selection 
valve that allows injection of samples, a 
degassing unit, a dilution module and a FIA 
manifold with spectrophotometric UV/VIS 
detector. 
1. Can measure up to 30 samples /hr. 
2. 200-fold sample dilution. 
3. Detection limit: 5ppm for glucose & 
ethanol; 1ppm for phosphate and 50ppm 
for ammonia. 
4. Subject to drift depending on microbial 
population on biosensor. 
(Garn et al., 
1989);(Liu et al., 
2004) 
HPLC (pure 
culture for 
ethanol 
fermentation) 
Liquid phase, 
Glucose,  organic 
acids 
An auto sampling device is connected 
between fermenter and HPLC.  
1. Effective for batch and fed-batch modes, 
but not for continuous feed reactor. 
2. Extensive and difficult sample prep. 
3. Samples measurement is continuous, thus 
is important to define the start and end 
point of peaks.  
4. Very complex such that reliability can be 
low. 
5. Solids must be filtered. 
6. Expensive 
7. Slow 
8. Requires specialist expertise and 
chemical use 
 
(Liu et al., 2001) 
2001) 
GC-FID Liquid phase 
Organic acids, 
ethanol 
(a) An auto sampling device is connected 
between fermenter and GC. 
(b) Headspace is extracted from liquid phase 
1. Measures analytes directly 
2. Very complex such that reliability is low. 
3. Expensive 
4. Solids must be filtered. 
5. Does not measure glucose or byproduct 
acids. 
6. Slow 
(Boe et al., 
2007);(Pind et al., 
2003) 
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1.4 Application Barriers and Research Gap 
The ability to perform fermentation under non-sterile conditions using readily available 
complex feedstocks with little or no pretreatment is a key advantage of using MCF over pure 
culture fermentation. Due to the high diversity, mixed cultures can mediate a diverse range of 
metabolic function, including hydrolysis, which allows the use of cellulolytic feedstocks. 
Mixed cultures are more robust to changes in environmental conditions than pure cultures, 
and do not require feedstock sterilization (Kleerebezem and Van Loosdrecht, 2007). The 
microbial composition of mixed culture can be highly sensitive to operation conditions 
(Temudo et al., 2008) and lead to large variation in product mix (Hoelzle et al., 2014).  
Unlike a pure culture, MCF cannot be fundamentally modelled using whole cell metabolic 
models (Kraemer and Bagley, 2006), as the selection of enzymes and pathways is far wider, 
and not entirely known (Rafrafi et al., 2013). Several issues have been identified that limit 
MCF in industrial application. Apart from the unreliable product prediction under certain 
conditions, the interaction between microbial populations in MCF is also not well understood 
(Rafrafi et al., 2013, Rodríguez et al., 2006). Thermodynamic was considered as the major 
driving force determining product mix and previously utilized to develop  theoretical models 
for MCF (Costello et al., 1991, Mosey, 1983, Rodríguez, 2006).As an example, pathways that 
produce more hydrogen (acetate type fermentation) are favoured at low hydrogen partial 
pressures (Ruzicka, 1996, de Kok et al., 2013). However, these models often fail in validating 
experiments, indicating that: (a) the full range of thermodynamic factors is not included, or 
(b) the influence of physiological and phylogenetic factors needs to be included.  
1.5 Research motivation 
The effect of operating environment on regulation of product mix and population in MCF is 
not well understood, has only been investigated for pH, and even there, is contradictory. It is 
unknown whether changes in product spectrum in response to pH are phylogenetically 
(microbial community) or physiologically (chemically) mediated. Additionally, the extent to 
which physiology affects phylogeny, and vice-versa, is unknown. In particular, the issue that 
acclimatisation (e.g., to pH) has on current metabolic activities, vs in response to current 
condition (of pH) has not been previously investigated. In addressing these questions, it is 
important to know the response of acclimatised microbial population to environmental 
conditions in a kinetic and static basis. In conclusion, while there has been some work done 
on environmental conditions, particularly on the influence of pH; there has no direct 
correlation between pH regulation methods and fermentation product spectrum.  
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1.6 Research questions 
i. What products are formed during steady-state and transient mixed culture glucose 
fermentation? Is the product spectrum independent of how steady-state operation is 
derived; or is it a function of previous steady-states and the mode of switching from 
one operating state to another?  
ii. What are the mechanisms for changing between different products? How does a 
sudden interruption affect the product mixture? 
iii. Is the product spectrum a function of the microbial community or pH? How does 
microbial community change with pH?  At what speed does it change? 
1.7 Research objectives 
This study focuses on contribution of knowledge towards anaerobic fermentation of mixed 
culture. Basic information on anaerobic fermentation utilizing carbohydrates is vital prior to 
modelling the pathway. Objectives developed to address the research questions above are: 
i. Investigate MCF product and microbial spectrum during steady state at 
different pH. 
 
ii. Investigate MCF product spectrum in response to dynamics. 
    
iii. Investigate the impact of MCF inoculum on function in varying conditions 
 
1.8 Approach 
The approach through the whole PhD was to operate a continuous fermenter with controllable 
pH.  This was used both as experimental platform for objectives 1 and 2, as well as to 
generate inoculum for objective 3. 
1.8.1 Investigate the MCF during steady state at different pH. 
The first objective of this study is to determine product formation and microbial community 
at steady-states.The effect operation with a stable pH was investigated by operating a 
continuous fermenter with constant feed and operational conditions. To evaluate the impact 
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of microbial conditioning, two types of experiments were done; pH was progressively 
changed from upwards and downwards through each pH, and in a different set of 
experiments, pH was changed to the same set points, but always returning to a central pH of 
5.5 for 2-3 weeks before the new set point was instituted. Measurements were taken at stable 
conditions to assess product yield, COD, and mass balancing. The change in microbial 
community was determined by terminal restriction fragment length polymorphism (T-RFLP).   
1.8.2 Investigate the MCF product spectrum in response to dynamics. 
The second objective of this study is to determine the effect of dynamic inputs MCF yield. 
This includes determining transient products and factors affecting their production. To 
address this objective, the effect of interrupting the steady-state condition on fermentation 
products was investigated. A N2 was sparged into the gas phase during steady-state condition 
to introduce a disturbance and transient in both gas and liquid phases were produced.  An 
online tool, membrane inlet mass spectrometer (MIMS) was used to monitor the changes in 
both gas and liquid phases.  This information was combined with transient changes (between 
steady states as done in 1.8.1), and the information used to justify the analysis done in 1.8.3. 
1.8.3 Assess whether acclimatisation or operating condition has a stronger impact on 
product yield and microbial population. 
The third objective of this study is to determine how inoculum influences output under 
different conditions.  This focuses on evaluating whether physiology or phylogeny has a 
larger impact on product formation.To address this objective, acclimatised inoculum from the 
parent reactor were tested in batch at different pH levels (set by phosphate buffering) to 
investigate their functional changes under different pH conditions. Microbial population 
analysis was determined by 16s rRNA targeted DNA sequencing. The change in microbial 
community was identified by comparing the community from the parent reactor and at the 
end of the batch test. 
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2 RESEARCH MATERIALS AND METHODS 
Two main experimental activities were carried out during the PhD candidature including 
operation of continuous stirred-tank reactor (CSTR) under stable, and dynamic feeds; and 
batch tests in serum flasks using inoculum from the CSTR. Research methodologies used 
throughout all works are described in this chapter with specific summary information 
provided in the results chapters 3 and 4.   
Over the course of the PhD candidacy, a continuous 1.3L reactor was operated on a nominal 
6h retention time.  The first major phase (Chapter 3) involved a series of experiments and 
analysis over two years, with the reactor controlled to different pH set-points through acid or 
base addition.  Three major experiments were done, operating from pH 4.5-8.0 (in steps of 
0.5) with 2-3 weeks operation at each pH. The impact of pH and pH control technique on 
microbial culture and chemical outcomes have been prepared as journal articles in Lu et al., 
(2011) and Mohd-Zaki et al., (2016).  As part of this work, the membrane inlet mass 
spectrometer (MIMS) was also developed as an analytical platform (Bastidas-Oyandel et al., 
2010), and dynamic behaviour in between step changes  (Batstidas-Oyandel et al., 2012) was 
analysed.  The second major work (Chapter 4) was over approximately 12 months, and 
involved operating the inoculum reactor to a set pH stably over 2-3 weeks at either pH 4.5, 6, 
or 8 and then running batch tests (approximately 30 serum flasks under various conditions), 
with experimental flasks buffered at either pH 4.5, 6, or 8, control with feed, but no pH 
control, and blanks.   
2.1 Continuous Fermenter Operation 
 
2.1.1 Reactor and sensor equipment 
A 1.5L CSTR (1.3L working volume) was used in this study. Prior to starting each 
experiment, the reactor was thoroughly cleaned and sparged with N2 gas before inoculation. 
The reactor was equipped with an immersed glass heater (25W Aqua One
TM
, Southampton, 
UK) to maintain the temperature at 35°C. An integrated TPS Minichem pH probe (111140) 
was used to measure the pH. pH data was transmitted to the PLC through a 4-20mA signal.  
pH was controlled through 1M NaOH by a SEKO S.p.A type PR 18 dosing pump (serial no. 
384045). A glass thermometer was used to monitor the temperature. The system was fed by a 
peristaltic pump (Watson Marlow, model no. 323) from separate containers of pure glucose 
solution and basal media. A glass U-tube was fixed to the effluent port to provide a liquid 
lock, and hence maintain anaerobic conditions. Gas flow was measured by a tipping-bucket 
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type meter, with a bucket volume of 3mL, and a constant pressure of approx. 3cm water. The 
tipping bucket was calibrated once a week with 90mL air injected into the outlet of the 
tipping-bucket meter using a precision gas tight syringe (SGE International Pty Ltd., 
Ringwood, Australia). The average of bucket volume was calibrated by dividing the air 
volume to the bucket movement. All equipment was interfaced to computers via an Opto 
PLC and interfacing software used for data logging and set-point modification. A diagram of 
the equipment used is shown in Figure 5. 
 
 
Figure 5 Schematic diagram of reactor set-up 
2.1.2 Media 
Two feed bottles (10L) were used to supply glucose and media salt separately to avoid 
microbial contamination. The influent glucose was mixed with antifoam (Dow Corning ® 
antifoam RD emulsion) and autoclaved at 120°C for 45 minutes. Basic anaerobic medium 
was prepared according to Bastidas-Oyanedel et al., (2010). Final concentration of glucose 
was 5g·L
-1
. Final concentration of basal media is as follow (in mg·L
-1
): 1.2 CaCl2 · 2 H2O, 
0.05 (NH4)6Mo7O24 · 4 H2O, 0.05 CoCl2 · 6 H2O, 2 FeCl2 · 4 H2O, 0.05 MnCl2 · 4H2O, 0.092 
NiCl2 · 6 H2O, 0.1 Na2SeO3 · 5 H2O, 0.05 H3BO3, 0.038 CuCl2 · 2 H2O, 0.05 ZnCl2, 0.05 
AlCl3, 1 EDTA, 0.005 aminobenzoic acid, 0.002 biotin, 0.002 folic acid, 0.005 nicotinic acid, 
  
Gas sampling port   
Temperature  
co ntrol   
Gas outlet   
  MIMS (liquid probe)   
Outle t  
Glucose   
Mineral  
salt   
Inlet   
MIMS (gas probe)   
Gas  
counter   
Acid/Base 
   
pH  
probe   
Thermometer   
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0.005 panthothenic acid, 0.01 pyridoxine, 0.005 riboflavin, 0.005 thiamine hydrochloride, 
0.0001 cyanocobalamine, 0.005 lipoic acid; In g·L
-1
: 1 NH4Cl, 0.1 NaCl, 0.1 MgCl2 · 6H2O, 
0.1 K2HPO4 · 3H2O, and 0.1 Na2S · 9H2O; and HCl 1 (μL·L
-1
).  
2.1.3 Inoculum 
Inoculum was 200mL anaerobic digestate from a primary sludge fed anaerobic digester in 
Brisbane, Australia and the reactor was re-inoculated before each experiment. Reactors were 
inoculated in batch mode at 35°C at minimum of 3HRT (HRT = 8hours), without pH 
regulation for a week. Continuous flow was initiated once gas production was observed.  
2.1.4 Gas/Liquid Phase analysis by MIMS 
A Hiden HPR-40 DSA dissolved species analyser bench top membrane inlet mass 
spectrometry, MIMS (Hiden Analytical Ltd., Cheshire, England) unit was used to monitor the 
fermentor. The analyser contained a Hiden HAL 201 RC quardrupole mass spectrometer with 
dual faraday/electron multiplier detector and a mass range of 200 atomic mass units. The 
MIMS unit consisted of a 4-way multiplexed unit for simultaneous sampling. Each probe was 
a 0.5m in length, sheathed with a silicon membrane. Recorded mass to charge (m/z) ration 
were 2, 31, and 44 for H2, ethanol and CO2 respectively. The m/z ratios were selected after 
scanning these three pure compounds in water.  
Two MIMS probes were used to monitor the liquid and the gas phases in the continuous 
reactor. Two calibration methods namely the standard calibration and in-process calibration 
were used to evaluate the online monitoring and quantification of H2, CO2 and ethanol. In the 
standard calibration method, standard matrix consisted of reverses osmosis (RO) water in 
liquid phase and N2 in the gas phase were used. Pure compounds were added at different 
ratios into the reactor in order to cover their expected concentration range during 
fermentation. Pure H2 (100%) was injected into the headspace reactor to give the following 
H2 partial pressures: 0, 0.2, 0.35 and 0.65 bar, while CO2 headspace partial pressures were 0, 
0.04, 0.3 and 0.5 bar. Both H2 and CO2 were monitored in the gas and liquid phases by 
MIMS. Gas samples were taken when both gas and liquid MIMS signals were stable. Off-line 
liquid and gas samples were also taken and analysed as described in 2.2. Pure ethanol was 
injected in the liquid phases reaching 0, 5, 10 and 30mM. Ethanol was analysed only in the 
liquid phases. Measured concentrations were analysed to develop a correlation with their 
respective MIMS signal. A concurrent off-line data acquisition was performed during the 
continuous reactor operation for the in-process calibration method. Samples were taken from 
both gas and liquid phases at different times, resulting in off-line data sets. The data was then 
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analysed to develop a correlation with their respective MIMS signal. Additional information 
on development work used to process signals and analyse both reactors is contained in 
Chapter 3 and Bastidas-Oyanedel et al., (2010). 
2.1.5 Reactor sampling 
Gas composition. Gas composition was analysed using a gas chromatograph (Shimadzu GC-
8A) equipped with a thermal conductivity detector. The content of H2 and CO2 were 
measured on a daily basis. High purity N2 was used as the carrier gas for H2 whilst helium 
(He) was used as the carrier gas for CO2. Calibration was performed prior to daily 
measurement using gases provided by BOC Gases Australia Ltd. The standard gas used were 
19.8 ± 0.2% of CO2 and 20.1 ± 0.2% of N2 (both in methane), 28.6 ± 0.2 of CO2 and 1.07 ± 
0.02% of H2 (both in methane) and 20.3 ± 0.2% of methane and 19.9 ± 0.2 of H2 (both in 
CO2). A gas sample of approximately 0.5 mL was collected from the gas sampling port using 
a precision gas tight syringe (SGE International Pty Ltd., Ringwood, Australia) and 
immediately injected into the GC. The run time of a single analysis was approximately 2.5 
minutes. 
Liquid sampling. Five liquid samples from the reactor and 2 liquid samples from the inlet 
were collected over 2 HRT at steady state. A 5mL sample from the reactor was filtered using 
0.22m cellulose acetate cartridge. This filtered sample was analysed for VFAs, glucose, 
lactate, formate, pyruvate, and ethanol and dissolved CO2 by HPLC-UV-RID and GC-FID. 
100mL of unfiltered sample was collected from the outlet port for solids measurement. 5mL 
inlet sample was collected for input glucose concentration measurement. VFAs and ethanol 
were measured by GC-FID. Samples for GC were preserved with 1% of formic acid prior to 
analysis. Glucose, succinic, lactic and formic concentrations were measured using HPLC. 
Samples for HPLC were preserved with 0.05% of sodium azide to avoid further degradation 
of substrate.  
For dissolved gas analysis, 2x 4mL samples from the reactor were filtered using 0.22m 
cellulose acetate cartridge and injected into 10mL vacuum tubes (BD Vacutainer 
®
 serum 
tubes). For dissolved CO2 measurement, the vacuum tubes contained 0.5mL of 2M HCl. 
Dissolved gas concentration was based on an equilibrium assumption and the vacuum tubes 
with samples were equilibrated for 24 hours at 20° C. 0.5mL gas sample from each tube was 
measured by gas chromatography as described in 2.2.1 for H2 and CO2 concentration. Liquid 
phase H2 and CO2 were estimated using the temperature corrected by Henry’s Law 
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coefficient, and the total H2 or CO2 concentration in the liquid samples were calculated by 
mass balance. Sample liquid and gas volumes were weighted. Dissolved CO2 concentration 
was calculated as a fraction of the total CO2 measured by previously described method, based 
on function of the carbonates (HCO3- and CO32-) equilibrium constants and reactor’s pH.  
Pyrotag Sequence sampling and nucleic acid extraction . A total of 10 mL was extracted 
form the reactor at the liquid outlet port, when the MIMS signals (liquid and gas probes) were 
stable. The  extracted sample was ten concentrated by centrifuging at 14,000 rpm for 5 
minutes. The genomic DNA was then extracted using the Fast DNA Spin for soil kit (MP 
biomedics, USA) according to the manufacturer’s protocol. Extracted DNA was quantified 
using Nanodrop ND-1000 TM (NanoDrop Technologies, Delaware, USA). The purity of 
DNA was assessed by using the A260/A280 and A260/A230 absorbance ratio. Extracted 
DNA was stored at -20 C for further analyses. 
 
2.2 Chemical analysis 
2.2.1 VFAs and ethanol 
VFAs and ethanol were measured by a Perkin-Elmer gas chromatography, GC-FID with a 
DB-FFAP 15m x 0.53mm x 1.0µm (length x ID x film) column at 140°C. The injector and 
flame ionisation detector (FID) were operated at 220°C and 250°C, respectively. High purity 
helium was used as carrier gas at 17mL min
-1
. Filtered samples were added into GC vials 
with 0.1mL formic acid (10% by volume). During the analysis, 1µL of samples were injected 
in the split less mode. 
2.2.2 Glucose, formate, lactate and succinate 
Glucose, formate, lactate and succinate were measured by HPLC, which consisted of auto-
injector (SIL-10ADVP), degasser (DGU-14A), LC pump (LC-10ADVP), column oven 
(CTO-10ADVP), diode array detector (SPD-M10ADVP), CLASS VP software and 
Shimadzu refractive index detector (RID-10A). Separation of the compounds was carried out 
on HPX-87H 300mm x 7.8mm ion exclusion column (Cat. No. 125-0140, BioRad Aminex)  
using 0.008N H2SO4 as the eluent at 0.4mL·min
-1
. Filtered samples were added into GC vials 
with 0.1mL formic acid (10% by volume). 
2.2.3 TSS/VSS 
Total and volatile suspended solids were measured according to method 2540D and E in 
Standard Methods (APHA, 1998). 10mL to 30mL samples were filtered through a re-usable 
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cartridge onto a 47mm diameter Whatman GF/C (catalogue no 1822 047) glass fiber filter. 
The residue remaining after a minimum of 12 hours dried at 105°C was the total suspended 
solids. Subsequently, that remaining after 20 minutes at 550°C was fixed suspended solids. 
The difference between total and fixed suspended solids was regarded as volatile solids.  
2.2.4 Chemical oxygen demand (COD) 
COD was analyzed when sample was digested with dichromate and the concentration of Cr
3+
 
was photo metrically measured (standard method 5220D) (APHA, 1998). A Merck TR300 
reactor was used for digestion at 148°C with Merck 500-10000 mgCOD/L and 25-1500 
mgCOD/L readymade vials (catalogue no 14541) for 2 hours. A Merck SQ 300 
spectrophotometer was used to analyze concentrations. Sample was filtered through a 0.22µm 
filter prior to digestion for soluble COD (CODS) measurement. 
2.3 Data Processing and Statistical Analysis 
Chemical oxygen demand (COD) equivalent calculations were done on the stoichiometric 
oxygen requirement of the pure compound (excluding ammonia). For example, for acetate: 
CH3COOH + 2O2  2CO2 + 2H2O (64 gCOD/mole·Acetate) 
Errors in mean concentrations were estimated from a two tailed t-test: 
    
         
  
  
 
where sx is the standard deviation of the replicates, n is the number of replicates (generally 5), 
tn-1,/2 is the tcrit for n-1 degrees of freedom, and /2 = 0.025 (5% significance threshold) 
(t4,0.025 = 2.776). Errors in calculated values were determined through analytical propagation 
of variance (Batstone, 2013).  
 
2.4 Microbial analysis 
Microbial communities in the continuous experiments were monitored by terminal restriction 
fragment length polymorphism (T-RFLP). Due to the availability of sequencing facility, 
microbial profiling of batch experiments was done by 16S ribosomal RNA (rRNA) pyrotag 
sequencing. 
2.4.1 Polymerase chain reaction (PCR) amplification 
2.4.1.1 PCR amplification for terminal restriction fragment length polymorphism 
(TRFLP) 
The 16S rRNA genes of extracted DNA were amplified by PCR with the bacteria-specific 
PCR primer par 63F (5’-CAG GCC TAA CAC ATG CAA GTC-3’) with fluorescent label on 
the 5’ end and 1389R (5’-ACG GGC GGT GTG TAC AAG-3’). The amplification protocol 
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was based on Osborn, Moore et al. (2000) with adaptations. Each 50µL reaction consisted of 
200µM of each dNTP, 1× PCR buffer II (Applied Biosystems), 3mM MgCl2, 400nM of each 
primer, 2.5U of AmpliTaq Gold DNA polymerase (Applied Biosystems) and 15ng of 
extracted DNA. The PCR program consisted of an initial denaturation step at 95C for 5 min, 
followed by 30 cycles of denaturation at 94°C for 1 min, annealing at 55°C for 1 min and 
extension at 72°C for 2 min, with a final extension step at 72°C for 10 minutes. The PCR 
products were then purified using the QIAquick PCR purification kit (QIAgene, Australia). 
Restriction enzymes (RE) MspI (5'-C^C G G-3') (Fermentas, Canada) and Sauc3AI (5'-^G A 
T C -3') (Fermentas, Canada) were used for digestion. Each RE digestion reaction contained 
10 µL purified PCR product diluted to 15 ng µL
-1
 and 0.32U RE. Each digestion was 
performed in duplicate. Ethanol precipitation of the digestion product was then performed. 
Samples were analysed using capillary electrophoresis in a DNA sequencer at the Australian 
Genomic Research Facility. The resulting electropherograms were analysed by GeneMarker 
(SoftGenetics, USA). 
2.4.1.2 PCR amplification for pyrotag sequencing 
Amplification of 16S rRNA genes was performed using the universal bacterium-archaea 
primer set 926f (5’-AAACTYAAAKGAATTGACGG-3’) (Lane et al., 1985) and 1392r (5’-
ACGGGCGGTGTGTAC-3’) (Lane, 1991). The DNA was then submitted to Australian 
Ecogenomic Centre (ACE), The University of Queensland for 16S rRNA pyrotag 
sequencing. 
At ACE, PCR was performed with 926f (5’-AAACTYAAAKGAATTGACGG-3’) (Lane et 
al., 1985) and 1392r (5’-ACGGGCGGTGTGTAC-3’) (Lane, 1991). Each 50µL reaction 
consisted of 1 x buffer, 200uM of each dNTP, 2mM MgCl, 0.2uM each primer, 1U Fisher 
Taq, 0.015mg BSA. PCR product was quantified using the Caliper (Milllenium Sciences). 
Equal molar barcoded DNAs were pooled together. Extreme small and large fragments were 
removed through PippinPrep. Ampure beads cleaning was then performed. The cleaned DNA 
pools were then quantified with the Bioanalyser. 16S pyrotag sequencing was performed with 
with a Roche 454 GS FLX sequencer (Roche, Switzerland) according to the manufacturer’s 
protocol. 
2.4.2 Generation of 16S rDNA Clone Library 
Based on the community TRFLP analysis, the sample at pH 5.5 contained the most even 
population with a large number of peaks was selected to construct a clone library. The 
extracted DNA sample was amplified by PCR with primers 63F(5'-CAG GCC TAA CAC 
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ATG CAA GTC-3') and 1389R (5'-ACG GGC GGT GTG TAC AAG-3'). The PCR protocol 
was set as 5 minutes denaturation at 95C, followed by 20 cycles of 94C for 1 minute, 55C 
for 1 minute and 72C for 4 minutes, and then a final extension step at 72C for 10 minutes 
(Qiu et al., 2001). After the purification with QIA quick PCR purification kit,  the purified 
PCR products were ligated into the pGEM®-T Easy Vector (Promega, USA) through the 
ligation procedure described in the pGEM®-T  Easy Vector Systems Technical Manual. The 
ratio of insert to vector was set as 1 to 3.  It was then transformed into Top 10 competent 
Escherichia coli premade in the laboratory. The positive recombinants were screened on X-
Gal (5-bromo-4-chloro-3-indoly-b-D-galactopyranoside)–IPTG (isopropyl-b-D-
thiogalactopyranoside)–ampicillin–tetracycline indicator plates by color-based recombinant 
selection. Positive white clones were confirmed by PCR amplification with  pGEM® –T easy 
vector primer pairs T7 and SP6 listed in table 1 using the same PCR program as 16S rDNA 
amplification described in community TRFLP section. RFLP grouping was then carried out 
to identify operational taxonomic groups.  Briefly, PCR products were digested with the 
restriction enzymes MspI and HaeIII and viewed using gel electrophoresis as previously 
described   The clones were grouped based on the similarity of banding pattern and one 
representative clone from each group was chosen for partial 16S rDNA sequencing with 
primer T7 or SP6 respectively by sequencing service at the Australian Ecogenomic Centre 
(ACE), The University of Queensland. 
2.4.3 FISH 
The FISH protocol was based on the one described by Lee et al., (1999) with adaptations. 
Fixation. Liquid samples were collected directly from the bioreactor directly. 500 µL 
samples were fixed with 1mL paraformaldehyde solution (paraformaldehyde, NaOH, HCl, 
0.2 µm membrane filters) for 2 hours at 4C. The samples were centrifuged at 13,000 rpm for 
3 minutes to obtain cell pellet. They were then washed with 1mL 1× phosphate buffered 
saline (PBS) (10mM sodium phosphate buffer, 130mM NaCl, pH 7.2). The samples were 
then centrifuged at 13,000 rpm for 3minutes. After the supernatant removed, the samples 
were resuspended in 1:1 of 100% ethanol and 1 × PBS, and it was kept in -21C for further 
use.  
Hybridization.  The fixed samples were vortex and 5uL sample was applied to each well of 
the FISH slide. The slide was dehydrated in an ethanol series of 50%, 80% and 98% ethanol 
for 3 minutes respectively. After the slides were air dried, 9µL of hybridization buffer 
 31 
 
(360µL 5M NaCl, 40µL 1M TriHCl, 700µL formamide, 898µL MilliQ water and 2µL 10% 
SDS) was applied to each well. The remaining hybridization buffer was used to moisten a 
tissue paper in the 50mL tube. 0.5 µL of FISH probe was then added to each respective well. 
The FISH probes used were: Gam42a (5'- GCC TTC CCA CAT CGT TT -3'), CFB 1082 (5'- 
TGG CAC TTA AGC CGA CAC -3'), LGC Mix (5'- TCA CGC GGC GTT GCT C -3') and 
EUB 338 (5'- GCT GCC TCC CGT AGG AGT -3'). 
2.4.4 Analysis of 16s Pyrotag data 
Raw pyrosequencing data was analysed by Quantitative Insights Into Microbial Ecology 
software (QIIME) to generate open taxonomy units (OTUs) table. 
Sequences reads were split according to barcodes in QIIME v1.8.0 (Caporaso et al., 2010). 
De-multiplexed sequences were then trimmed to 250bp and de-noised by ACACIA (Bragg et 
al., 2012). Sequences with ≥97% similarity were assigned to operational taxonomic units 
(OTUs) by CD-HIT-OTU (Wu et al., 2011; Li et al., 2012) and aligned by Pynast (Caporaso 
et al., 2010). Each sequence was then classified using BlastTaxonAssigner in QIIME against 
the Greengenes database (2012 Oct release). Non-normalized OTU tables and rarefaction 
curves were generated by QIIME.  
An in-house script Normaliser (https://github.com/minillinim/Normaliser) was used to find a 
centroid normalized OTU table. Hellinger (Legendre and Gallagher, 2001) transferred dataset 
was imported into R, version 3.0.1 (R Development Core Team, 2012) to generate principle 
component analysis using Euclidean distance with function rda in package vegan (Oksanen et 
al., 2012).  
2.5 Continuous Reactor Operation 
Three series of experiments were done in a CSTR with a feed concentration of 5 g/L glucose 
in basal anaerobic media (Bastidas-Oyanedel et al., 2010) at 35 °C, with a 6 hour hydraulic 
retention time (HRT) and pH varying from 4.5 to 8.5 ( 8.0 in the third series as the culture 
failed at 8.5). During the progressive pH approach, pH was stepped progressively from pH 
5.5 up to pH 8.0, then from pH 5.5 to pH 4.5; with a pH interval of 0.5. The actual points 
were: 5.5  6.0  6.5  7.0  7.5  8.0  8.5  5.5  5.0  4.5, with steady state 
reached and held for 12 hours (2 HRTs) at each pH. The entire cycle was done twice, and 
results presented here are the average from the two replicate experiments. Errors represent 
variation in replicate samples and experiments.  
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During the reset pH approach, pH was changed from pH 5.5 to the next pH with a 0.5 
interval, then reset back to pH 5.5. The pH was reset according to this order: 5.5  5.0  5.5 
 4.5  5.5  6.0  5.5  6.5  5.5  7.0  5.5  7.5  5.5  8.0  5.5. The pH 
extrema of 4.5 and 8.0 or 8.5 were the points at which washout occurred. The central pH of 
5.5 was chosen as the native pH with no acid or base dosing. 
Online monitoring of gas and liquid phases used to establish steady state was done by 
membrane inlet mass spectrometer (MIMS) (Bastidas-Oyanedel et al., 2010). Separate MIMS 
probes were in liquid and gas phases. The system was assumed to be in steady-state when the 
signals from MIMS were stable. Once steady state was achieved, five liquid samples at 2 
hours intervals were taken and analysed as in section 2.3.1. Gas samples were analysed at the 
same time as liquid sampling. Biomass measurements were conducted in triplicate while 
glucose, VFAs, organic acids and ethanol were analysed once for each sample, and 
confidence errors developed around variability across the five samples. 
 
A 
 
 
 
 
B 
Figure 6 Progressive pH change method (a) and reset pH change method; begins with pH6.0 and 
moving clockwise (b)  
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2.6 Dynamic Data 
Dynamic experiment data was taken from transient states between reactor operation, as well 
as sparging experiments. N2-flushing was used to induce changes in the headspace gas 
composition. This avoided disturbing the liquid phase of the reactor and minimized the effect 
of hydrodynamic phenomena and biomass stress.  
Sparging experiments were done at pH 4.5, 5.5 and 6.5, as these pH ranges were considered 
to maximize H2 production (Temudo et al., 2007). Selected N2-flushing flow rates were 
sequentially stepped-up after reaching steady state. Selected N2-flushes (in L·rat
−1
) were 0, 
2.5 and 58.4 at pH 4.5; 0 and 7.3 at pH 5.5; and 0, 2.5, 7.3 and 58.4 at pH 6.5. After a new 
N2-flushing flow rate was applied, the kinetic evolution of H2, CO2 and ethanol composition 
was quantitatively monitored through the fermentations by a membrane inlet mass 
spectrometer (MIMS, Hiden model HPR-40 DSA). Steady state was assumed when MIMS-
signals of these three compounds were stable. MIMS-signals were calibrated according 
to Bastidas-Oyanedel et al. (2010). 
2.7 Batch Experiments 
Batch kinetic tests were done in the final phase to identify the separate impact of inoculation 
pH and batch pH on both product spectrum and microbial outcome. Three large-scale batch 
experiments were done.  Inoculum were collected from pH 4, 6, and 8. Treatment to the batch 
tests including pH adjusted to 4, 6, 8 (buffered with phosphate), unbuffered control (drifting 
normally to pH 5), and pH controlled no substrate blanks. 
2.7.1 Seed inoculums 
Inoculum was prepared in the parent reactor, operated at 36°C, 8-hrs of HRT fed with 
glucose and media as explained in 2.1.2 and buffered at pH4, pH6 and pH8 using phosphate 
buffer (0.25M). Seed inoculum was collected after steady-state was established (min of 3 x 
HRT and HRT was approx 8hours) as indicated by on-line monitoring (MIMS and pH probe) 
and off-line chemical analysis. Initial VFAs, ethanol, glucose and microbial population (via 
pyrotag sequencing) of the inoculum was analysed. 
2.7.2 Serum flask experiments 
Serum flask experiments were conducted in a series of 240 mL liquid in 315mL serum flasks. 
90ml of inoculum from the parent reactor and 90mL of substrate mix (45mL glucose and 
45mL of BA media (see Table 3) were added into the serum bottles with blanks and controls 
used as in Fig 14 and Table 6. pH was adjusted and controlled by adding 60mL buffer with a 
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total concentration of 0.25M PO4 buffer.  K2HPO4 & KH2PO4 and Na2HPO4 & phosphoric 
acid were mixed in the desired ratio to achieve the desired pH level of pH4, pH6 and pH8, 
respectively.  
Flasks were then flushed with N2. Batch tests were maintained at 37±1ºC in a temperature 
controlled incubator and mixed by inverting periodically. Gas volume was measured using a 
precision gas tight syringe (SGE International Pty Ltd., Ringwood, Australia) and a water 
filled manometer. Each pH level was conducted in triplicate. Triplicate pH control (without 
additional buffer) and blanks (no substrate added) were used to measure and correct 
background production from the inoculums and as positive control, respectively.  
2.7.3 Media 
Glucose concentration was prepared at 10g·L
-1
 and autoclaved at 120°C for 45 minutes. Final 
concentration of basal anaerobic (BA) media was prepared as follows (in mg·L
-1
): 1.2 CaCl2 · 
2 H2O, 0.05 (NH4)6Mo7O24 · 4 H2O, 0.05 CoCl2 · 6 H2O, 2 FeCl2 · 4 H2O, 0.05 MnCl2 · 4H2O, 
0.092 NiCl2 · 6 H2O, 0.1 Na2SeO3 · 5 H2O, 0.05 H3BO3, 0.038 CuCl2 · 2 H2O, 0.05 ZnCl2, 
0.05 AlCl3, 1 EDTA, 0.005 aminobenzoic acid, 0.002 biotin, 0.002 folic acid, 0.005 nicotinic 
acid, 0.005 panthothenic acid, 0.01 pyridoxine, 0.005 riboflavin, 0.005 thiamine 
hydrochloride, 0.0001 cyanocobalamine, 0.005 lipoic acid; In g·L
-1
: 1 NH4Cl, 0.1 NaCl, 0.1 
MgCl2 · 6H2O, 0.1 K2HPO4 · 3H2O, and 0.1 Na2S · 9H2O; and HCl 1 (μL·L
-1
) as illustrated in 
Bastidas-Oyanedel et al., (2010). 
2.7.4 Gas and Liquid Sampling and analysis 
Gas sampling and analysis. The composition of hydrogen (H2) and carbon dioxide (CO2) 
produced during digestion was measured using a Perkin-Elmer loop injection gas 
chromatograph (GC). The Perkin-Elmer GC-TCD (AutoSystem GC, Perkin-Elmer, Waltham, 
MA, USA) was fitted with a 2.44 m stainless steel column (Haysep at 80/100 mesh) and a 
GC Plus Data Station (model 1022, Perkin–Elmer, Waltham, MA, USA). The injection port 
temperature was set at 75ºC, the oven temperature at 40ºC and the detector at 100ºC. High 
purity nitrogen gas was used as carrier gas at 24.3mL min-1 with pressure of 55kPa. The GC 
was calibrated using external gas standards for H2, CH4 and CO2 from British Oxygen 
Company (Sydney, NSW, Australia). The standard gas used were 0.981 ± 0.020% of H2 and 
28.7 ± 0.2% of CO2 (both in methane), 20.1 ± 0.2% of methane and 21.9 ± 0.2 of H2 (both in 
CO2) and 50.5 ± 0.2 of methane in CO2 (in methane). A gas sample of approximately 0.4mL 
was collected from the serum bottle using a precision gas tight syringe (SGE International Pty 
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Ltd., Ringwood, Australia) and immediately analysed by GC-TCD as described in section 
2.1.1. The run time of a single analysis was approximately 2.5 minutes. 
Liquid samples. 5mL sample from the serum bottles was filtered using 0.22m cellulose 
acetate cartridge. This filtered sample was analysed for VFAs, glucose, lactate, formate, 
pyruvate and ethanol. About 50mL of liquid was centrifuged to collect the pallet and washed 
with 1× PBS in the final wash. The pallets were then kept in freezer for DNA extraction. 
VFAs and ethanol were measured by GC-FID (Perkin Elmer, FID with polar capillary 
column). Samples were preserved with 1% of formic acid prior to analysis. Glucose, succinic 
acid, lactic acid and formic acid concentrations were measured using HPLC. Samples were 
preserved with 0.05% of sodium azide to avoid further degradation of substrate. 
Phosphate buffer can cause interference in glucose measurement as HPLC was not able to 
separate the glucose and buffer peaks as described further in Chapter 4. Attempts to remove 
the remaining phosphate buffer by adding ion exchange resin and iron chloride was not 
successful. Measurements were done for VFAs, ethanol, formate, lactate and succinate but 
not for glucose in the batch test experiment. 
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3 CONTINUOUS FERMENTER EXPERIMENTS 
3.1 Introduction and overview 
Over the course of the PhD candidacy, a continuous 1.3L reactor was operated at a nominal 
6h HRT. The first major phase involved a series of experiments and analysis over two years, 
with the reactor controlled to different pH set-points through acid or base addition.  Three 
major experiments were done, operating from pH 4.5-8.0 (in steps of 0.5) with 2-3 weeks 
operation at each pH. 
Major findings in this section are the effect of pH on MCF product mixture and microbial 
population. Two key journal (Lu et al, 2011 and Mohd-Zaki et al, 2016) are based on this 
progressive versus reset pH experiment.  
pH is often considered the most important regulating factor in glucose fermentation (Temudo 
et al, 2007, Hoelzle et al., 2014 and Horiuchi et al, 2002). Changes in proton availability 
influence reductase activity, and hence intracellular and extracellular microbial activity 
(Madigan et al., 2012). Extensive studies have been conducted to optimize MCF production 
towards specific products from glucose including: ethanol (Ren et al, 1997), specific organic 
acids (Temudo et al, 2007 and Horiuchi et al, 2002), or hydrogen (Fang et al, 2002), with 
controversial results. Microbial community structure in MCF is also influenced by pH, based 
on the scarce data in the literature. Temudo et al., (2008) used denaturing gradient gel 
electrophoresis (DGGE) to find that Clostridium dominated at high (7.5–8.5) and low (4.0–
5.5) pH, while Klebsiella dominated at intermediate pH levels (6.25–7.0). A wide range of 
organisms are capable of fermenting glucose to organic acids and the microbial diversity will 
be increased when complex feedstocks are used (e.g., mixed waste). In this case, variation in 
product yield and spectrum is expected (Temudo et al., 2008). This chapter evaluates 
comparative product spectrum when pH is step changed from a central value versus gradually 
changed. Also, the membrane inlet mass spectrometer (MIMS) was also developed as an 
analytical platform (Bastidas Oyandel et al., 2010), and dynamic behaviour in between step 
changes analysed (Batstidas Oyandel et al., 2012). 
3.2 MCF at steady state 
3.2.1 Product concentration and yield 
Yields per mole of consumed glucose, were calculated for acetate, butyrate, ethanol, 
propionate, lactate, succinate, hydrogen, formate and biomass. Glucose was always 
completely consumed within the margin of error in COD balance (<20%), and generally the 
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balance closed within 10%.  Glucose was only regularly found in the effluent during the reset 
experiment between pH 6.5 and 7.5 (23-25% glucose was not consumed). Products such as 
valerate, hexanoate and pyruvate were insignificant as the total of these yields was less than 
0.2% of consumed glucose under all conditions. 
Figure 7 demonstrates the effect of pH on the product yields in mixed culture glucose 
fermentation. COD equivalent calculations were done on the stoichiometric oxygen 
requirement for full oxidation of the organics (excluding ammonia). Table B1 (Appendix B) 
is provided for reference. The error bars indicate the error in the COD balance of the inlet 
substrate and the total COD yield at the outlet. In general, errors were smaller for reset pH 
compared to progressive pH, partly because of variations between the two progressive pH 
experiments, and partly because of improved methods during reset pH (it was the last 
experiment done). The fractional yield of each product (shown in Figure 7) indicates (from 
bottom to top) that while spectrum was broad, acetate, butyrate and ethanol were the 
dominant products (60% of total product, 80% of catabolic product) and were observed to be 
affected by the method in pH regulation. 
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Figure 7 Influence of different pH regulation methods to product spectrums of glucose fermentation in 
progressive pH change (top) and reset pH experiments (bottom) 
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In general, there was a similar trend with a shift from butyrate to ethanol/acetate as pH 
increased, but the two pH variation methods resulted in very different shift patterns.  
Specifically, progressive pH variation caused a gradual shift from butyrate-acetate to acetate-
ethanol as pH increased, while reset pH variation caused a step change from acetate-butyrate 
type fermentation, to acetate-ethanol fermentation above pH 6.5.   
In progressive pH, glucose was converted into 0-25% hydrogen, 10-28% biomass and 57-
83% soluble products at all pH values. All products (hydrogen, succinate, formate, 
propionate, lactate, ethanol, acetate and butyrate) were present at every pH and butyrate was 
the major product for all pHs (30-45%) except pH 8.5 with acetate, rather than butyrate was 
the major product (37%). Ethanol became a major product above pH 6.0 (25%), hydrogen 
was increased (10-18%) at lower pHs (4.5-6.0) and lactate accumulated at pH between 6.5 
and 8.5.   
In reset pH, the main products were again, acetate and butyrate, but with substantial changes, 
particularly at higher pH levels, where ethanol completely replaced butyrate, and there was 
less of a discernible acetate-trend. Lactate was generally replaced by succinate at higher pH 
levels, and formate and hydrogen formed a greater fraction of the total product at high pH 
levels.  
The key products (C2-C4 VFA, ethanol) were similar for both systems, with a more abrupt 
change in the reset pH, with intermediates such as lactate and succinate accumulated to a 
higher degree than was observed in the progressive pH. Lactate production was particularly 
substantial, and accumulated more at low pH. Lactate production is related to the production 
of NAD
+
. NAD
+
 is the intermediate electron carrier transporting electrons to H
+
. During the 
formation of lactate, a molecule of NADH is oxidised to form NAD
+ 
(Madigan et al., 2012). 
Succinate was only observed in the reset pH experiment, and only at high pH. 
Hydrogen and formate showed a similar trend for the different pH regulation methods from 
low to high pH, with mainly hydrogen being produced at low pH, and mainly formate at high 
pH. However, again, the reset pH experiment showed a rapid switch, while for progressive 
pH, a gradual change was observed. In the lower pH regime, the concentration of hydrogen 
ions was high, so a greater amount of NAD
+
 is required to compensate for the high of H
+
 
concentration. Thus, more hydrogen gas is produced at the low pH (Madigan et al., 2012). 
 40 
 
Glucose conversion extent was generally 70% for progressive experiments, dropping to 30% 
at very high pH levels (8.0 and 8.5), while for reset experiments, glucose conversion was 
generally >90%, with no impact of pH.  Biomass yield was comparable in both experiments, 
and was not linearly influenced by pH. As shown in Figure 7, the highest biomass yield was 
observed at pH6.0 in both experiments. This suggests that, although the history of the culture 
and the pH regulation method was different for the two experiments, biological yield is 
maximised at the same pH (6.0). 
To summarise, anaerobic fermentation on glucose with mixed culture produced hydrogen, 
succinate, formate, propionate, lactate, acetate, butyrate and ethanol. The range of products 
was similar at all pHs but there were some differences in the proportions of each products, 
particularly between low pH (pH 4.0-pH 6.5) and high pH (pH 7.0-pH 8.5). At low pH, 
product yield mainly consisted of butyrate and acetate. At high pH, the product yield shifted 
to acetate and ethanol. A strong shift from hydrogen to formate as pH increased was also 
observed. From the previous study by Ren et al., (2007) found ethanol was maximized when 
the pH was between 4.3 and 4.9 (yield: 0.4-0.9 mol ethanol per mol glucose) whilst Temudo 
et al., (2007) and Termudo et al., (2008) observed ethanol mainly formed at a pH between 
6.25 and 8.5 (yield: 0.58-0.7 mol ethanol per mol glucose). This contradiction has led to 
further investigation on the microbial population and community that affect the product 
mixture in MCF. 
When pH was changed progressively, the product spectrum changed gradually. This is 
consistent with our previous publication where the fermenting culture retains some degree of 
function from the previous set point (Lu et al., 2011). This can be described as the culture 
gradually adapting to the changing pH (Zheng and Yu, 2004, Horiuchi et al., 2002, Fang and 
Liu, 2002, Ren et al., 2007). In the reset pH experiment, however, the product spectrum 
suddenly swaps from acetate-butyrate production to acetate-ethanol production from pH 6.5 
to 7. One possible explanation for this is that the culture community has changed from one of 
acetate-butyrate producers to acetate-ethanol producers.  
The reset pH regulation method resulted in a more selective and comparable product spectra 
than the progressive pH change method. Temudo et al., (2008) suggests that the response of 
microbial community is strongly dependent on the cultivation history. As for this study, it is 
suspected that once the pH was changed from pH 5.5, microorganisms that have competitive 
advantage under the new pH start to dominate the microbial community. After resetting the 
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pH back to 5.5, the population reverted to its original make-up. Non-dominant 
microorganisms were always present but in low numbers (Temudo et al., 2008). The same 
observation was made in this study (Lu et al., 2011). These two observations have proven that 
the phenomenon is reproducible and reversible as stated by Horiuchi et al., (2002). Thus, it is 
concluded that selective product generation by particular groups of microorganisms is 
possible by implementing jumps in pH. If sufficient jumps are not applied, then the product 
spectrum has tendency to be affected by cultivation history. Microbial population information 
is provided in Figure 11, and further discussed in S3.2.2.  
The ethanol:butyrate and acetate:butyrate ratios were significantly and similarly affected by 
the way pH was changed (Figure 8). This indicates a bimodal system, with either butyrate 
dominant fermentation, or ethanol-acetate dominant fermentation. The reset pH approach 
resulted in a clear product shift at pH 7; particularly with an almost complete shift to ethanol-
acetate fermentation (Figure 8).  
Microbial population information is given in section 3.2.2, but for progressive, dominance 
was even, while for reset, there was a shift from Clostridium at low pH to Klebsiella at high 
pH. This may help explain the shift from butyrate to ethanol at high pH (see section 3.2.2). 
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Figure 8 Influence of pH regulation approach on relative acetate:butyrate, ethanol:butyrate, and 
ethanol:acetate ratios for reset pH approach (grey square) and progressive pH approach (dark 
diamond) (Note: logarithmic scale)  
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Under equilibrium conditions, the ratio of H2 and formate depends mainly on the pH, shifting 
from H2 to formate as the pH is increased. Figure 9 illustrates the shift from H2 to formate as 
electron acceptor. Hydrogen and formate are important as default electron sinks. Hydrogen 
and formate showed a similar trend for the different pH regulation methods from low to high 
pH, with mainly hydrogen being produced at low pH, and mainly formate at high pH. 
However, the reset pH approach showed a greater degree of response, while for progressive 
pH approach a gradual change with pH was observed. 
 
Figure 9 Influence of pH regulation approach on the hydrogen and formate produced as a function of 
pH in progressive pH approach (top) and reset pH approach (bottom). Ratio of H2 to total H2 and 
formate is indicated as dark diamond and ratio of formate to total of H2 and formate is indicated as 
grey square 
Further analysis can be done on the hydrogen-formate subsystem by calculating the distance 
from thermodynamic equilibrium (G’ = 0) for the reaction HCOOH  H2 + CO2 (Figure 
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10). A more detailed analysis of this in context of fermentation as a whole can be found in 
González-Cabaleiro et al. (2015). Points above the line mean more formate is produced than 
is thermodynamically favorable, points below the line mean more H2 is produced than is 
thermodynamically favorable. The results indicate that H2 was generally favored as an 
electron sink over formate. The results from the progressive pH approach show a greater 
deviation toward excessive H2 production at higher pH than in the reset pH approach, 
supporting the assertion that the culture is retaining previous function. Additionally, as 
discussed by Hoelzle et al. (2014), H2 versus formate production is determined, at least 
partially, by the pH-dependent enzyme formate dehydrogenase (Fdh), and by the relative 
expression of two different pyruvate conversion pathways. Comparing the persistent 
production of H2 at the expense of formate at high pH in the progressive approach with the 
sudden swap in production in the reset approach, it is suggested that Fdh may remain active 
when the change in pH is not drastic. 
Even though both regulation methods had a similar overall product spectrum, relative 
fractions of some particular intermediates, such as lactate, were different. According to 
Madigan et al. (2012) there are two main factors affecting fermentation type, namely, 1) 
accumulated mass of fermentation products in the reactor and, 2) ratio of NADH/NAD
+
 
inside the microbial cells. NAD
+
 is the principle intracellular electron acceptors, and the ratio 
of NADH/NAD
+ 
determines the intracellular redox state. NADH is oxidised to NAD
+
 by 
reduction of hydrogen ions to hydrogen gas. According to Temudo et al. (2007), hydrogen 
production is independent of NADH generated during glycolysis but extensively utilises 
NADH from pyruvate oxidation to acetyl-CoA. Therefore, where NAD
+
 cannot effectively be 
regenerated by production of hydrogen gas or formate, lactate (or other reduced 
intermediates, including ethanol) may accumulate. Hydrogen as terminal electron acceptor 
becomes less favourable at increased pH due to a lack of hydrogen ions, and formate is 
instead favoured. The more rapid shift as observed in reset pH experiments can enable 
organisms to better utilise different pathways to use either hydrogen or formate as terminal 
electron acceptor.  
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Figure 10 Gibbs free energy (kJ/mole) for the reaction CO2 + H2  HCOOH of reset pH approach 
(grey square) and progressive pH approach (dark diamond). Equation G’ = G° + RT ln Q, where 
G° = H° − S° is used for calculation 
3.2.2 Microbial population 
3.2.2.1 Dynamics of population according to t-RFLP identification 
Peak Presence and Identification 
As stated in the methodology, peaks were mainly identified by t-RFLP utilising clone 
libraries for objective identification of t-RFLP peaks.  The key organisms identified are 
shown in Table 3 associated with t-RFLP peaks identified through the clone library.  No 
Bacteroidetes could be observed as the Bacteroidetes colony generates too short fragment 
(under and across both experiments, diversity was relatively limited).   
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Table 3 Peak Identification 
 
Progressive Reset Identification 
M455 , S235 Throughout >6 Klebsiella/Pseudomonas 
M473, S253 <6.5 <6 Clostridium acidsoli 
M479, S258 >6 5.5 only Clostridium intestinale 
M246, S239 NO <4.5 
Unclassified 
Ruminococcaceae 
 
M457, S96 NO >5.5 
Unclassified 
Bifidobacteriaceae 
 
     
*M=MspI, S=Sau3AI 
Comparative Species abundance and species shifts 
Species abundance is shown in Figure 11, with Klebsiella on the upper axis separated from 
other organisms on the lower axis. Digestion with the AluI enzyme was also done on 
progressive pH experiments, and this produced results strongly supportive of MspI results on 
the same samples, with peaks associated with the same organisms following the same trends.  
For progressive pH, peaks associated with 3 major organisms were found, generally 
dominated Clostridia B and Klebsiella dominates at low and pH 6.5. 
Reset pH had a higher degree of diversity, but with the same organisms appearing as in 
progressive pH, but with key organisms particularly dominating at very low pH (Unclassified 
Ruminococcaceae), and moderate-high pH (Unclassified Bibidobacteriaceae).  It appears that 
the more limited microbial community in progressive pH was supplemented rather than 
replaced by the additional representatives. 
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Figure 11 Species affiliated T-RFs (16S rRNA gene target) proportional area for progressive pH 
approach (top) and reset pH approach (bottom) at each pH point. Bars are split based on Klebsiella 
(top) and Clostridium and unknown (bottom) prominence. Klebsiella was identified as K. rennanqilfy, 
Clostridium A was identified as C. thermocellum, Clostridium B was identified as C. botulinum and 
intestinale, and Clostridium C was identified as C. pasteurianum 
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3.2.2.2 Microbial analysis 
One of the major outcomes in this study was that rather than communities changing 
progressively from low to high pH, one community was found at moderate pH, while another 
community emerged at high and low pH levels. In progressive pH experiment, group 1, 
related to Klebsiella (peak  455 in MspI and peak 235 in Sau3AI) dominated at extreme 
conditions such as pH <5 and pH 8. This is a gram-negative facultative anaerobic, rod-shape 
bacterium found in the normal flora of the mouth, skin and intestines. It is well known for its 
ability to grow anaerobically on citrate. Klebsiella pneumonia G31 is able to produce high 
amount of 2, 3-butanediol from glycerol (Biebl et al., 1998). 2, 3-butanediol is an important 
material for polyester resins and plasticizers production. This could potentially offer an 
alternative product from the MCF process. 
 The other two groups obtained from community t-RFLP of progressive pH experiment were 
related to genus Clostridium. The genus Clostridium is gram –positive obligate anaerobes and 
comprised of more than 150 unique species (Collins et al., 1994). Clostridia are primarily 
found in harmless soil saprophytes or human and animal gastrointestinal tract.  It has been 
widely reported to be presented in during fermentation of carbohydrates, mesophilic 
temperatures, anaerobic conditions and pH ranging 4-8 (Collins et al., 1994). Clostridium 
acetobutylicum is commercially used for biobutanol production in pure culture fermentation 
process (Zhang et al., 2006a). It was justified that most clostridia cannot grow at pH values 
lower than 6.2 (Svensson, 1992). However, group 2 (Peak  473 in MspI and peak 253 in 
Sau3AI) dominating at pH 5.5 was related to Clostridium acidisoli and Clostridium 
pasteuranium, species that have been described as acid-tolerant and grow at pH 3.6 to pH 7 
(Wiegel et al., 2006). Group 3 (Peak  455 in MspI and peak 235 in Sau3AI) dominating at pH 
range 6.5-8 was closely related to Klebsiella. It was first described in 1989 and had been 
proved with the ability to ferment sorbitol (Lee et al., 1989).   
The genus Bacteroides consists of gram-negative anaerobic bacillus bacteria. They are 
normally mutualistic, and makes up the major part of mammalian gastrointestinal flora. They 
are commonly found in human fecal and ground water (Xu et al., 2007). Due to the small 
terminal fragment size of Bacteroides using MspI and large terminal fragment size using 
AluI, there is no significant peak identified from the community TRFLP. The restriction 
enzyme Sau3 was used to digest the single Bacteroides colony MCFK 39 and the peak 453 
was observed. There is no peak 453 presented in any community from both experiment, 
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however the presence of Bacteroides was been detected by FISH using CF1082 probe in reset 
pH experiment. 
The community profile of reset pH experiment was more complex than progressive 
experiment. The three groups obtained in progressive pH experiment were still presenting. 
The new peak 246 in MspI were shown similar trend as group 1 peak 235 in Sau3AI at pH 
<5. The other group 1 peak 455 was performing differently. It was suggested that the new 
peak 246 may indicate the other species of Klebsiella and can only be detected by using MspI 
and the group 1 peak 235 in Sau3AI may indicate a wider range of Klebsiella. However, 
group 2 and group 3 were dominant at pH 5.5 and disappearing from pH 6. The new peak 457 
in MspI and peak 96 in Sauc3AI were dominant at pH range of 6-7. Although according to 
that there was no Clostridium shown in reset pH experiment via FISH, these new peaks may 
indicate another Clostridium species due to the LGCMix probe may have limited efficiency 
to detect Clostridium.  
According to t-RFLP results, a 0.5 difference of pH can change the community dramatically. 
For example, there was a sharp increase observed on the abundance of group 1 from pH 5.5 
to pH 6. This may justify more focused analysis of intermediate communities, to identify both 
rate and extent of variability. 
3.2.2.3 Interaction-driven by microbes or thermodynamics? 
The results from the two experiments show that product mix changes with pH, in accordance 
with the findings of Ren et al., (2007), Horiuchi et al., (2002), Fang and Liu (2002) and 
Zheng and Yu (2004). In reset pH experiment, a sudden ‘swap’ between butyrate production 
and ethanol production was found at pH 7. Studies done by Dejonghe et al. (2001) and 
Witthebolle et al., (2005) have shown that changes in environment function are associated 
with the changes in the genetic structure of bacterial communities. This suggests that 
performance of environment-based processes depends on bacterial community composition 
and therefore that the composition of the culture community may change from butyrate 
producers to ethanol producers.  
Based on a different substrate mix, Temudo et al, (2008) suggested that response of microbial 
community is strongly dependent on the cultivation history. As in our study, once the pH is 
changed to other pH from pH5.5, microorganisms that have competitive advantage under 
these pHs start to dominate the microbial community. After reversing the pH back to 5.5, the 
microorganisms that were previously dominant disappeared and the previously absent 
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microorganisms emerged. This indicates that the non-dominant microorganisms were still 
present but in low numbers. The same phenomenon was observed by Temudo et al., (2008).  
Results from the current experiment found that preceding intermediate pH has insignificant 
influence on the bacterial community function but does have a measureable influence on the 
bacterial community structure. A considerable variation in each of their abundances at the 
different pH 5.5s suggests that a shift to a more diverse community structure is systematic, 
and there is no shift towards particular community members.  
Klebsiella aerogenes converts glucose to acetate and ethanol (plus formate and CO2) 
(Teixeira de Mattos and Tempest, 1983) whilst Clostridium butyricum converts glucose to 
acetate and butyrate with a fixed stoichiometry (Crabbendam et al., 1985). High formation of 
ethanol and acetate suggest that the rate was at its potential maximum at high pH levels for 
reset, when community shifted to Klebsiella. Thus when pH was at high range (6.5-8.5) the 
culture was suggested to convert glucose as in fermentation pathway in Klebsiella. 
Based on results from both experiments (progressive and reset), it was shown that in all pHs, 
the product spectrum is comparable (with minor shifts) and change is only due to the amount 
of major products (acetate, butyrate and ethanol) produced. This commonality in spectrum 
with very different microbial communities suggests that function is to a degree independent 
of the observed population. However, the change in major products such as butyrate and 
acetate at low pH and acetate and ethanol at high pH in reset pH experiment could be caused 
by the shift in microorganism community structure.  
3.3 MCF under dynamic conditions 
3.3.1 Transitional measurements 
MIMS signal translation. The different experiments were used to identify the different 
impacts of experimental equipment (including hydraulics), and sample chemical matrix on 
MIMS signal translation into quantitative information, i.e., composition of targeted 
compounds in gas and/or liquid phase. 
i. Standard calibration. In this procedure, standard matrix consisted on reversed 
osmosis (RO) water liquid phase and N2 gas phase. Temperature and agitation 
were the same as in both batch and continuous fermentation. Pure compounds 
were added at different ratios into the reactor in order to cover their expected 
range during fermentation. Pure H2 was injected into the headspace reactor to give 
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the following H2 partial pressures: 0, 0.2, 0.35 and 0.65 bar, while CO2 headspace 
partial pressures were 0, 0.04, 0.3 and 0.5 bar. Both H2 and CO2 were monitored in 
the gas and liquid phases by MIMS. Gas samples were taken when MIMS signals 
in both phases stable. Liquid and gas phase concentrations were analysed. Pure 
ethanol was injected in the liquid phase reaching 0.5, 10 and 30 mM. Ethanol was 
analysed only in the liquid phase. The data was analysed to develop a correlation 
with their respective MIMS signal.   
ii. In process calibration. In-process calibration was performed concurrently with 
both batch and continuous fermentations.  Samples were taken from gas and liquid 
phases at different times and analysed to develop a correlation to their respective 
MIMS signal. 
Table 4 illustrates the calculated linear correlation parameters. Slopes and intercepts are 
expressed in bar faraday
-1
 and bar for the gas phase and in mM faraday
-1
 and mM for the 
liquid phase. Errors are shown as 95% confidence in parameters, with appropriate t-values 
applied based on the number of degrees of freedom.  
Table 4 Linear correlation analysis between the compounds H2, CO2 and ethanol and MIMS signals, 
with a confidence range of 95% 
 
Liquid phase slopes 
(mM·faraday
-1
) 
 
Gas phase slopes 
(bar·faraday
-1
) 
 H2·10
-5 
CO2·10
-7 
Ethanol·10
-9 
 H2·10
-6
 CO2·10
-5
 
Standard 8 ± 2 1 ± 0.1 10 ± 1  0.9 ± 0.2 3.2 ± 0.2 
Batch 12 ± 8 3.4 ± 0.5 7 ± 4  3.2 ± 0.6 6 ± 0.07 
Continuous 6 ± 4 0.8 ± 0.5 5 ± 1.5  2.8 ± 0.6 7 ± 0.7 
 
Liquid phase intercept 
(mM) 
 
Gas phase intercept 
(bar) 
 
H2 CO2 Ethanol  H2 CO2 
Standard -0.14 ± 0.08 -0.1 ± 0.8 -7.7 ± 2.6  -0.13 ± 0.11 -0.002 ± 0.013 
Batch 0.14 ± 0.16 0.02 ± 0.8 -0.6 ± 6.3  -0.06 ± 0.14 0.01 ± 0.002 
Continuous 0.18 ± 0.11 0.9 ± 0.3 -2 ± 2  -0.07 ± 0.08 -0.002 ± 0.004 
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In these fermentation experiments, biologically produced CO2 and H2 are transferred from the 
liquid to the gas phase. This mass transfer saturates the gas phase with water. Water-vapor 
saturates the gas phase including MIMS probes producing liquid films. Liquid film causes 
liquid mass transfer limitation for gases. This loss of sensitivity is illustrated in Table 1 as the 
increase of slopes for H2 and CO2 in gas phase compared to the standard calibration, where 
gases are not been constantly produced with no consequent water gas saturation. The before 
mentioned is sustained by the fact that gas phase intercepts correlations (Table 1) were the 
same for the standard and fermentations, suggesting that these threshold are not influenced by 
water films on MIMS probes. The fact that gas phase MIMS correlation is the same for the 
batch and continuous fermentations suggests that gas matrix changes and turbulences causes 
by flushing N2 do not affect the sensitivity of the MIMS in gas phase. 
The slopes presented in Table 1 for H2 appear to be similar; indicating sensitivity in the liquid 
phase is not particularly influenced by the matrix. Because H2 is a small molecule with a high 
diffusivity (4.65·10
-5
 cm
2
·s
-1
) and poorly soluble (Henry constant of 7.4·10
-4
 M·bar
-1
) in water 
[A. Pauss, G. Andre, M. Perrier, S. Guiot, Appl. Environ. Microbiol. 56 (1990) 1636-1644], it 
is assumed that no change occur in MIMS sensitivity. On the contrary, intercept results 
suggest that a complex fermentation matrix increases the dissolved H2 concentration 
threshold in fermentations compared to standard calibration which making it harder to detect. 
Both batch and continuous in-process calibrations correlations to be similar in terms of 
intercept. The average fermentation sodium bicarbonate concentration (21.5mM) may 
decrease H2 solubility by 4%, a very minor change but possibly responsible for the change in 
intercept.  
In the case of CO2, the high slope at batch condition compared to both standard and 
continuous slopes indicates a gain in sensitivity in batch fermentations. A mixed model from 
Schumpe et al. (1982) and Gros et al. (1999) indicates that non-biochemical fermentation 
media composition decreases CO2 solubility by 1%. Another possible explanation is non-
ideal solution behaviour, which would decrease the activity of the bicarbonate ion, finally the 
CO2. This is quite likely, since at the solution ionic strength of approximately 0.2M, the 
impact of ion activity is significant. However, the results show low variability in CO2 
intercept, suggesting that changes in matrix composition do not affect the CO2 concentration 
threshold. 
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Correlations between MIMS signals and ethanol concentration indicate and increase on 
MIMS sensitivity and concentration threshold in fermentation matrix. Tarkiainen et al. (2005) 
shows that sugars, salts, carbon dioxide affect the MIMS response of ethanol. Glucose and 
sodium chloride has a positive effect, due to salting out, increasing ethanol MIMS sensitivity, 
while dissolved carbon dioxide has the opposite effect, which remained unclear. 
3.3.2 Effect of N2 flush at different pH to product mixture at steady state 
 
N2 flushing in the head space was applied concurrently with the progressive pH experiment in 
the liquid during transitional periods to increase the hydrogen yield. As expected, the changes 
in the head space composition due to N2 flushing affected the product spectrum under steady 
state conditions. Figure 13 illustrates the effect of head space composition on product yields 
at different pH levels.  
From this experiment, the highest change was observed in hydrogen yield. At the highest N2 
flushing rate of 58 Ld
-1
, hydrogen yield increased by 230±30% over the mean value of 1±0.3 
mol of H2 per mol glucose consumed
 
at pH 4.5, whilst has increased by 300±30% over the 
0.6±0.1 mol of H2 per mol glucose consumed of the average yield at pH 6.5. The maximum 
hydrogen yield was observed at pH 4.5 (3.25±0.4 mol of H2 per mol glucose consumed). At 
0L d
-1
 N2 flushing rate, hydrogen yield was observed to yield between 0.34±0.06 mol of H2 
per mol glucose consumed (pH6.5) and 1.19±0.19 mol of H2 per mol glucose consumed 
(pH5.5). At 2.5 L d
-1
 N2 flushing rate, hydrogen yield was observed to yield between 
0.56±0.08 mol of H2 per mol glucose consumed (pH6.5) and 0.95±0.16 mol of H2 per mol 
glucose consumed (pH4.5). At 7.3 L d
-1
 N2 flushing rate, hydrogen yield was observed to 
yield between 0.82±0.03 mol of H2 per mol glucose consumed (pH6.5) and 1.07±0.15 mol of 
H2 per mol glucose consumed (pH5.5).  
Ethanol yield was affected differently by N2 flushing. At pH 4.5, ethanol yield decreased 
(from 0.72 to 0.45 mol ethanol per mol glucose consumed), then increased from 0.18 to 0.44 
mol ethanol per mol glucose consumed at pH 5.5 and stayed constant at pH 6.5. 
Formate was not produced at pH 4.5 but started to accumulate at pH 5.5 from 0.88 to 0.43 
mol formate per mol glucose consumed when the flushing rate was increased from 0 to 7.3 
Ld
-1
.  
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N2 flushing had no effect on acetate yield at pH 4.5 and pH 5.5. However, at pH 6.5, acetate 
yield reached its maximum composition of 1±0.1 mol acetate per mol glucose consumed at 
7.3 Ld
-1
 of N2 flushing rate. N2 flushing had no influence on the butyrate production observed 
at pH 4.5 but a decrease at pH 5.5 and pH 6.5 were spotted. At pH 5.5, butyrate yield 
decreased from 0.36±0.01 to 0.12±0.01 mol per mol glucose consumed and at pH 6.5, 
butyrate yield decreased from 0.15±0.01 to 0.06±0.01 mol per mol glucose consumed. 
N2 flushing had adverse effect on biomass concentration. The trend was observed at three 
different pH set points. The least biomass yield was observed at pH 6.5, at 58.4 Ld-1 of N2 
flushing rate, at which the biomass yield was recorded at 0.01±0.002 mol biomass per mol 
glucose consumed. This represented less that 10% of the average biomass concentration 
(0.15±0.1mol per mol glucose consumed) calculated. 
No significant change recorded for lactate concentration at 58.4 Ld
-1
 N2 flushing rate in both 
pH 4.5 and pH 6.5. Lactate concentrations were recorded as 0.1±0.01 mol per mol glucose 
consumed at pH 4.5, 0.29±0.01 mol per mol glucose consumed at pH 5.5 and 0.21±0.02 mol 
per mol glucose consumed at pH 6.5. 
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Figure 12 Influence of head space composition by N2 flushing to product yield at pH 4.5 (A), pH 5.5 
(B) and pH 6.5 (C) 
 
The results from this experiment indicate a strong potential for hydrogen partial pressure to 
also shift product spectrum. However, the shift is mainly to the gaseous product H2, rather 
than influencing liquid products.  The experiment emphasises the need to have a rapid 
 56 
 
response analytical method. MIMS is effective at this, and can be utilised with in-situ liquid 
calibration while also providing dynamic information. 
3.3.3 Product spectrum under environmental changes 
At steady state, carbon and COD balance were satisfactory except at 58.4 N2 flushing rate, at 
both pH 4.5 and pH 6.5, where at the carbon balance had a -25% error. This different in 
carbon balance was justified by the volatility of acidogenic products such as ethanol and free 
organic acids.   
In general, pH changes produced quick changes in gas composition (H2 and CO2) partial 
pressure. This suggests that gas composition (at constant pH) plays a major role in controlling 
the product spectrum in glucose fermentation. 
3.3.4 Transient states 
The system response speed was also analysed by determining the effective first order 
coefficient k during the system response between different N2 sparge rates and fermentation 
pH. These disturbances were applied to mark the beginning of a transient state and ended 
when H2, CO2 and ethanol compositions reached new steady state. 
Table 5 illustrates the transient products for both N2 flushing and pH change experiments. 
The H2, CO2 and ethanol in these experiments were monitored using MIMS then were 
evaluated with the first order kinetic model. The first order rate constant, k allows comparison 
of kinetic compounds that were exposed to similar disturbance. High k values denote rapid 
transition of the targeted composition between two steady states. 
Table 5 First order kinetic constant, k for H2, CO2 and ethanol composition changes 
EXPERIMENT k (d
-1
) 
N2 flushing Gas phase Liquid phase 
pH N2 flowrate 
change 
( Ld
-1
) 
H2 CO2 H2 CO2 Ethanol 
4.5 0-0.25 15±1 17±2 Nc 15±1 27±9 
4.5 2.5-58.4 40±2 107±43 Nc 11±1 9±1 
5.5 0-7.3 40±2 14±1 Nc 8±1 10±3 
6.5 0-2.5 7±0.3 nc Nc Nc 1±0.2 
6.5 2.5-7.3 21±1 18±1 Nc 6±1 nc 
6.5 7.3-58.4 21±4 95±4 Nc 10±1 nc 
 
pH step change 
 
5.5-6.0 255±19 127±20 Nc 1023±402 1±0.1 
6.0-6.5 236±18 59±3 Nc 1160±307 3±0.2 
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6.5-7.0 345±46 66±4 Nc 1597±391 3±0.2 
7.0-7.5 324±56 62±2 Nc 1234±410 7±0.4 
*nc: no change in composition 
This analysis offers a number of key observations.  Primarily, responses are generally 
relatively rapid, particularly for gas phase components, but (except for CO2 in the liquid 
phase), generally slower than the input change time constant (which is on the order of s
-1
; 
1000 d
-1
).  Gas phase responses to changes in N2 flow are relatively slow, given that one 
would expect an increase in stripping rate to be relatively fast, even if the biological response 
is slow. Liquid phase responses to changes in the sparge rate are on the same order, and 
slowest for ethanol, as would be expected, given it is not chemically influenced by the 
changes in gas flow, and is not a low-solubility compound such as CO2. 
Responses to changes in pH are far more rapid, which is surprising given that the two drivers 
are (a) chemical in response to the changes in acidity, particularly the change from CO2 to 
HCO3
-
 driven by the increase in pH, which explains the very fast response in liquid phase 
CO2, and (b) the biological response of the system.  This explains the heirachy of time 
constants from CO2 (directly influenced by acid-base system), to H2 and CO2 (influenced 
secondarily by the CO2 liquid changes, determining effectively the kLa) to ethanol, only 
influenced by biology.  Indeed, the only output primarily influenced by biology in both cases 
is ethanol, which indicates that the biological response is 1-3 d
-1
, and hence relatively slow 
compared with all other processes.  It is important that the MIMS is able to detect all time 
constants, including direct liquid phase chemical (1000 d
-1
), gas-transfer (100-200 d
-1
), and 
biological (1-3 d
-1
). 
3.4 Discussions and conclusions 
As pH was progressively changed, the product spectrum also gradually changed. This is 
consistent with the microbial ecology analysis which indicated a degree of retention with the 
progressive change. This can be partially explained by the gradual adaptation of the culture to 
the changing pH (Van Ginkel and Logan, 2005). In the reset pH experiment, however, the 
product spectrum suddenly swaps from acetate-butyrate production to acetate-ethanol 
production from pH 6.5 to 7. One possible explanation is that the culture community changed 
from acetate-butyrate to acetate-ethanol producers (specifically Klebsiella). It should be 
noted that in general, spectrum was relatively comparable compared with the microbial 
population, which was highly variable both between experiments, and across a single 
experiment (particularly for the reset experiment). 
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Progressive results indicated a carry-over of the microbial population from the preceding pH 
to the subsequent pH (high or low). In addition, the speed of phylogenetic changes in 
response to the environment is slower than chemical changes (i.e., species present at central 
pH points of 5.5 were also present at subsequent stages). This may explain the variation of 
microbial community at the same pH through different approaches, especially on Klebsiella 
and Clostridium. While genus Clostridium is commonly associated with acetate and butyrate 
production from glucose (Teixera de Mattos and Tempest, 1983), there is some discrepancy 
between this expected phenotype and the T-RFs that were identified. C. thermocellum was 
closely related to Clostridium A T-RF (Lu et al., 2011) dominating at pH 4.5 and 6.0 with high 
acetate production in reset pH approach. However, C. thermocellum has been studied primarily 
for ethanol and acetate production at neutral pH, and generally under thermophilic conditions 
(Teixeira de Mattos and Tempest, 1983). Similarly, both C. botulinum and C. intestinale were 
closely related to Clostridium B T-RF (Lu et al., 2011) dominating at pH 6.5 or 7.0–8.0 in 
reset and progressive pH approaches, respectively, where butyrate production increased. The 
generally expected product profiles for these species are butyrate, acetate, and lactate under 
acidic and under neutral pH conditions (Ramachandaran et al., 2011). Interestingly, butyrate 
was the major product at pH 4–6 in progressive pH approach (Figure 7) which seems to be 
mainly contributed by Clostridium B and Clostridium C (closely related to C. pasteurianum, 
(Heyndrickx et al., 1991)), although Klebsiella T-RF dominated. Klebsiella is generally 
associated with 2,3-butanediol and acetoin production (Brisse et al., 2006). However, K. 
aerogenes (K. mobilis) has been shown to produce ethanol, acetate, and formate in glucose-
limited conditions that were similar to this study (Teixera de Mattos and Tempest, 1983). 
Sequences of Klebsiella T-RF were obtained from the clone library (Lu et al., 2011) and were 
placed within unclassified Klebsiella, although the closely related identified group is K. 
planticola which produces formate and ethanol from fermenting glycerol (Jarvis et al., 1997).  
There is a clear split in reset pH approach between the ecology at pH ≤ 6.5 and pH ≥ 7 from 
Clostridium shifting to Klebsiella while the opposite was identified in the progressive pH 
approach. These trends reflect the product spectrums of each approach and suggest that the 
act of resetting the pH enables the switch from a culture of acetate-butyrate producers to a 
culture of acetate-ethanol producers. However, the mechanism enabling this switch is 
unclear. Resetting the pH may either stress Clostridium, or strengthen Klebsiella, allowing 
for equal contention at the following pH. It is also unclear whether resetting to an alternative 
pH would provide the same effect, or if this is only seen when resetting to an acidic pH.  
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The order of pH progression in the progressive pH approach likely played a role in the 
observed product spectrum. It is unknown whether in a scheme running from high pH to low, 
high ethanol production would have persisted well into the acid range. The high butyrate and 
low ethanol production at low pH (immediately after the high range in the experimental 
progression) could be due to resetting the pH to 5.5 following 8 allowed for re-emergence of 
the acetate-butyrate metabolic characteristic. 
The reset pH approach resulted in a more selective and comparable product spectra than the 
progressive pH approach, likely due to a lesser bias (towards Klebsiella as described above). 
Temudo et al. (2008) suggests that the response of microbial community is strongly 
dependent on the cultivation history. This work demonstrates that it is the discreteness of 
metabolic shift, rather than the general outcomes which are influenced by cultivation history. 
That is, the same products result, but that the culture is more responsive when conditioned by 
a dynamic pH regime. 
The kinetic experiments in S3.3 emphasised that the system is responsive to environmental 
factors other than pH, with nitrogen sparging having a strong impact, but that it primarily 
influenced the hydrogen production, with product spectrum in general remaining relatively 
stable. Analysis of response to dynamics emphasised the multiple time scales in response to 
changes in both sparge rate and pH changes, with direct chemical effects in the liquid (due to 
pH changes) being on the order of 1000 d
-1
, effects of changes in liquid to the gas (and gas to 
liquid) being on the order of 100 d
-1
, and biological responses (in chemical product spectrum) 
on the order of 1 d
-1
, mainly measured as ethanol changes.  To this, can be added the 
microbial community response, which is even slower, and steers, rather than determines the 
overall system response.  As such, the conclusions from this chapter are that product 
spectrum is stable, and largely determined by environmental conditions and available 
pathways, but that particularly microbial community can responsiveness, particularly for 
redox end-products such as hydrogen. 
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4 BATCH EXPERIMENTS 
4.1 Introduction  
The work in chapter 3 made it evident that culture history has an important impact on the 
dynamic response of the system to pH changes, but that the main factor influencing product 
spectrum, and microbial community was still environmental conditions. This study was 
developed to further investigate the short term response of a strongly acclimatised culture. 
Previous studies conducted by Dejonghe et a. (2001) and Witthebolle et al., (2005), have 
shown that changes in environment function are associated with the changes in the microbial 
community. This suggests that performance of environment-based processes depends on 
bacterial community composition and therefore that the composition of the culture 
community may change from butyrate producers to ethanol producers.  
Based on a different substrate mix, Temudo et al. (2008) suggested that the response of 
microbial community is strongly dependent on the cultivation history. As in our study, once 
pH from pH5.5, microorganisms that have competitive advantage under these pHs start to 
dominate the microbial community. After reversing the pH back to 5.5, the microorganisms 
that were previously dominant disappeared and the previously absent microorganisms 
emerged. This indicates that the non-dominant microorganisms were still present but in low 
numbers. The same phenomenon was observed by Temudo et al., (2008).  
However, microbial analysis on the same data set in our experiment found that a preceding 
intermediate pH has insignificant influence on the bacterial community function but does 
have a measureable influence on the bacterial community structure.  As such, the objective of 
this experiment (as discussed in the introduction) was to operate the parent reactor at constant 
pH levels (4, 6, and 8) to steady state, and in three large-scale batch experiments test these 
inoculated cultures at pH levels 4, 6, 8 (buffered with phosphate), together with an 
unbuffered control (drifting normally to pH 5), and pH controlled no substrate blanks. It is 
hypothesised that although microbial community structure will be very different depending 
on parent reactor conditions, the change in product spectra will be steered mainly by in-batch 
conditions. Microbial community analysis in this study was also done using whole 
community sequencing as documented in Chapter 2. During batch fermentation, samples 
were continuously collected for chemical analysis, and microbial analysis was done on 
inoculum, and at the peak of activity in batch tests to assess shift in community during the 
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batch test. This chapter elaborates the batch experiment to assess the whether acclimatisation 
or operating condition has a stronger impact on product yield and microbial population. 
4.2 Methods  
 
Figure 13 Batch experimental design (repeated 3 times at different inoculum pH points) 
The parent reactor was operated under stable conditions for at least 2 days, after which 
inoculum was taken for batch tests.  Batches were operated at 10g L
-1
 glucose (Table 6) at pH 
4, 6, and 8 with phosphate buffering, and in an unbuffered control.  No food blanks were also 
done (Figure 13). Samples for chemical analysis were done continuously, and DNA sampled 
at the end of the experiment for each batch.  Further details are given in the following 
sections. 
4.2.1 Parent Reactor Operation 
Inoculum was prepared in the parent reactor, operated at 36°C, 6-hrs of HRT fed with 
glucose and media as explained in 2.1.1 and buffered at pH 4, pH 6 and pH 8 using a 
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phosphate buffer (0.25M). Seed inoculum was collected after steady-state was established 
(min of 3 x HRT and HRT was approx 8 hours) with steady state established both by on-line 
monitoring (MIMS and pH probe) and off-line chemical analysis. Initial VFAs, ethanol and 
microbial population (via pyrotag sequencing) of the inoculum was analysed. Detail 
explanation on conducting the batch experiment is elaborated in section 2.6 and as illustrated 
in Figure 7.  
4.2.2 Batch tests 
As stated in Chapter 2, batches were done in 240 mL working volume in 315 mL serum 
flasks, in triplicate. pH was controlled by adding 60 mL buffer with a total concentration 
(final concentration in the serum flask) of 0.25M PO4 buffer.  K2HPO4 & KH2PO4 and 
Na2HPO4 & phosphoric acid were mixed in the desired ratio to achieve the desired pH level 
of pH4, pH6 and pH8, respectively. 
Table 6 Batch test constituents 
Bottle Liquid mix 
Experiment (pH#) 
(substrate, seed inoculums  and buffer) 
45mL BA media 
45mL of 10g L
-1
 glucose 
90mL culture 
60mL buffer 
Blank (CS#) 
(no added substrate) 
90mL MQ water 
90mL culture 
60mL buffer 
Control (CpH#) 
(no added buffer) 
45mL BA media 
45mL of 10 g L
-1
 glucose 
90mL culture 
60mL MQ water 
 
4.2.3 Chemical Analysis 
VFAs and ethanol were measured by GC-FID (Perkin Elmer, FID with polar capillary 
column). Samples were preserved with 1% of formic acid prior to analysis. Glucose, succinic 
acid, lactic acid and formic acid concentrations were measured using HPLC. Samples were 
preserved with 0.05% of sodium azide to avoid further degradation of substrate. Hydrogen 
produced during digestion was measured using a Perkin-Elmer loop injection gas 
chromatograph (GC). For HPLC analysis of glucose, the phosphate peak occluded the 
glucose peak.  Hence, it was impossible to analyse for glucose concentration.  Attempts were 
made to remove the phosphate using anion exchange resin and addition of iron salts and were 
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not succeeded. Measurements were done for VFAs, ethanol, formate, lactate and succinate 
but not for glucose in the batch test experiment. 
4.2.4 Molecular analysis 
Microbial community was analysed in the initial inoculums (acclimatised culture) and at the 
end of each batch test (modified pH). Total DNA was extracted using the Fast DNA Spin for 
soil kit (MP biomedics, USA) according to the manufacturer’s protocol. Detail procedure is 
explained in section 2.3 in this thesis. 
Extracted DNA was quantified using Nanodrop ND-1000 TM (NanoDrop Technologies, 
Delaware, USA). The 16S rRNA genes of extracted DNA were amplified by PCR with the 
bacteria-specific PCR primer par 63F (5’-CAG GCC TAA CAC ATG CAA GTC-3’) with 
fluorescent label on the 5’ end and 1389R (5’-ACG GGC GGT GTG TAC AAG-3’). The 
amplification protocol was based on Osborn, Moore et al. (2000) with adaptations. Raw 
pyrosequencing data was analysed by Quantitative Insights Into Microbial Ecology software 
(QIIME) to generate open taxonomy units (OTUs) table. An in-house script Normaliser 
(https://github.com/minillinim/Normaliser) was used to find a centroid normalized OTU 
table. Hellinger (Legendre and Gallagher, 2001) transferred dataset was imported into R, 
version 3.0.1 (R Development Core Team, 2012) to generate principle component analysis 
using Euclidean distance with function rda in package vegan (Oksanen et al., 2012).  
4.2.5 Statistical and data analysis 
Statistical and data analysis was done as in Chapter 2, with 95% confidence intervals in 
means based on two tailed t-tests (5% significance threshold).  Linear effect modelling was 
done using the anovan command in Matlab 2013b using the “continuous” switch to analyse 
using ANCOVA (correlated analysis of variance). Hypothesis p-values where stated 
reference null hypothesis (H0 – factor has no effect) vs alternative (H1 – factor has an effect), 
and for a linear model against continuous factor is the same as (H0 slope is no different from 
zero – H1 slope is different from zero). Models were determined using the regression tool in 
Microsoft Excel (conducting multivariate linear regression including interaction effects).  3D 
plots of effect were constructed.  This is standard multivariate linear effect modelling as 
described in statistical modelling (e.g., Ryan et al., 2007). 
The kinetic coefficient was estimated using the following equation:- 
        
        (1) 
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Where P is the total product concentration (gCOD), S0 is the initial substrate concentration 
(estimated), k is the kinetic coefficient (d
-1
), and t is he time (d).  The measured initial 
condition was subtracted in order to obtain P (excluding initial concentration). Non-linear 
parameter estimation was done as described in Jensen et al., (2011). 
Principal component analysis (PCA) was performed on normalized data obtained from the 
pyrosequencing to compare the microbial community structures across all samples at the 
taxonomic phylum, order and genus levels. PCA applies matrix eigen decomposition on the 
OTU table (or VFA concentration) to transform the data into a ranked principal component 
(PC) space. Variance along the highest ranked PC describes the maximum variance attributed 
to a single linear variable (calculated from eigenvalue scores). Both sample and OTU can be 
placed in the PCA space according to the decomposition eigenvectors, which can then be 
plotted on a biplot. The effect of operational parameters (e.g., pH) can be assessed on whole 
community composition by correlating the axis scores derived from PCA to the operational 
parameters, defined as Pearson correlation coefficient (p). Statistical analyses were conducted 
using R statistical package (v.3.2.3) with function rda package “vegan” (R. Development 
Core Team, 2012) (Oksanen et al., 2012)..  
Canonical correspondence analysis (CCA) was also performed on normalized OTUs table 
with chemical yields as constraints to identify and measure the associations among microbial 
community and chemical yields. The correlation coefficient (as eigenvalue) between species 
(OTUs) and samples were identified and then constrained to be linear combinations of 
environmental (in this case, chemical yields) variables. As a result, CCA aim to find the best 
dispersion of microorganism corresponding to sample and chemical yields. Statistical 
analysis were conducted using R statistical package (v.3.2.3) with function cca in package 
“vegan” and plotted with package “ggplot2” (R. Development Core Team, 2012) (Oksanen et 
al., 2012).  
4.3 Results 
4.3.1 Inoculum results 
Inoculum was prepared in the parent reactor, operated at 36°C, 6-hrs of HRT fed with 
glucose and media as explained in 2.1.1 and buffered at pH 4, pH 6 and pH 8 using a 
phosphate buffer (0.25M). Seed inoculum was collected after steady-state was established 
(min of 3 x HRT and HRT was approx 8 hours). The concentration of the product spectrum 
was not measured directly but blank was (pH control without additional glucose added) 
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prepared for each pH batch experiment. The biomass in the parent reactor was monitored to 
be at least 200mg/L for the experiment. This was based on the continuous experiment in 
Chapter 2, when reset pH approach was stopped at pH8, whilst at progressive pH approach 
the experiment, the experiment was continue until pH8.5. This was due to washed-out 
situation happened and no culture survived.  
4.3.2 pH results 
A summary of the final pH values is given in Table 7.  Analysing this further using 
multivariate regression finds that batch setpoint pH has the strongest effect determining final 
pH (p=4x10
-10
) followed by inoculum pH (7x10
-9
). Interaction between the two also has an 
effect (p=1 x10
-7
). The full model is shown in Table 8, and results in a p=1×10-13, and R2 of 
97% (i.e., 97% of total variance in pH is described by the model). Plot of 3D model vs data is 
shown in Figure 15.  
Table 7 pH profile if each flask in batch experiment 
   Inoculum      
 
pH 4 
  
pH 6 
  
pH 8 
 
Sample Final pH Time (hours) Sample Final pH Time (hours) Sample Final pH Time (hours) 
CpH4 3.62 56 CpH6 5.37 32 CpH8 6.7 53 
CpH4 3.19 138 CpH6 5.27 54 CpH8 6.67 53 
CpH4 3.16 138 CpH6 5.24 54 CpH8 6.7 53 
CS4 3.61 138 CS4 5.42 54 CS4 6.24 53 
pH4 4/1 3.9 56 pH4 6/1 4.97 32 pH4 8/1 6.04 53 
pH4 4/2 3.48 138 pH4 6/2 4.96 54 pH4 8/2 5.99 53 
pH4 4/3 3.46 138 pH4 6/3 4.91 54 pH4 8/3 5.97 53 
CS6 6.07 138 CS6 6.18 54 CS6 6.57 53 
pH6 4/1 6.01 56 pH6 6/1 6 32 pH6 8/1 6.4 53 
pH6 4/2 5.71 138 pH6 6/2 5.95 54 pH6 8/2 6.38 53 
pH6 4/1 5.69 138 pH6 6/3 5.94 54 pH6 8/3 6.37 53 
CS8 7.05 138 CS8 7.18 54 CS8 7.71 53 
pH8 4/1 7.2 56 pH8 6/1 7.05 32 pH8 8/1 7.44 53 
pH8 4/2 6.89 138 pH8 6/2 7.06 54 pH8 8/2 7.44 53 
pH8 4/3 6.87 138 pH8 6/3 7.05 54 pH8 8/3 7.44 53 
*Highlighted rows indicate those from which biomass samples were taken, terminated early and hence are not 
used for analysis of the final concentration state. CS indicates no-substrate controls.  
 
Table 8 Linear model for final pH including interaction 
 
Value ± (E95) p 
Intercept -3.76 1.36 
 Inoc ”X” 1.04 0.21 7×10-9 
Batch “Y” 1.31 0.22 4×10-10 
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X*Y -0.12 0.03 7×10
-7
 
 
The model against data results (individual replicates) Applying this model demonstrates the 
impact of the higher coefficient for batch setpoint pH, as it is able to achieve 7 (against a 
setpoint of 8), even with an inoculum pH of 4.  Not included in the model, but shown in 
Table 7 are no-substrate controls (CS), and no-pH controls (CpH).  Particularly CpH samples 
confirm the bias of the system towards a low pH (without buffering). 
 
Figure 14 Model (mesh) and data (dots) for final pH given inoculum pH and batch setpoint pH 
 
From Figure 14, it indicates that both inoculum and the control set-point have a strong role in 
determining the pH. This is in line with Hu et al. (2006) observed similar of which that pH 
control strategy between the inoculum and the set-point has an impact on the yield 
production.  
4.3.3 Product Results 
The total product mix generated is shown in Figure 15.  These represent the average of three 
biological replicates (except last sample – average of 2, due to sampling of biomass), with a 
general error in average (two-tailed t-test) of 10%-20%. Full information is given in the 
supporting information. The inoculum product mix is shown as the initial condition on the 
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first bar of each chart.  In general, inoculum in all cases had a relatively large amount of 
ethanol, with significant propionate also at pH of 6. Moving from left to right, are control (no 
pH adjustment), pH4, pH6, and pH 8.  Moving vertically, pH 4 inoculum is at the top, pH 6 
in the centre, and pH 8 inoculum is at the bottom. This indicates the yields were largely 
dominated by the inoculum condition, with a bias towards production of similar products as 
in the inoculum. 
 
Figure 15 Net organic acid concentrations including initial condition for (left to right), control, pH 4 
test, pH 6 test, and pH 8 test, with pH 4 inoculum (top), pH 6 inoculum (middle), and pH 8 inoculum 
(bottom). Superscript generally refers to batch test pH, while subscript refers to inoculum pH. 
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Figure 16 Net organic acid concentrations subtracting initial condition, including control, pH 4 test, 
pH 6 test, and pH 8 test (left to right), with pH 4 inoculum (top), pH 6 inoculum (middle), and pH 8 
inoculum (bottom).  Superscript generally refers to batch test pH, while subscript refers to inoculum 
pH.  
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Yield spectrum (i.e., initial condition subtracted) is shown in Figure 16.  Note that the 
glucose added was 2 gCOD L
-1
, and hence product was completely recovered (with >100% 
recovery in the pH 6 experiments), possibly due to residual unmeasured reactants (which may 
include glucose, lactate, or pyruvate).Yield was less than 1.0 only for pH 4 inoculum control 
and pH4 inoculum, pH 4 batch.   
 
Figure 17 Biplot of all samples following PCA analysis using VFA concentrations as variables, and 
samples as observations. Superscript refers to batch test pH, while subscript refers to inoculum pH.  
CpH refers to those without phosphate buffer added in the batch test. 
The yield spectrum was also analysed by PCA (Figure 17), and while it does not indicate a 
statistically significant linear relationship to either inoculum or batch pH, important 
observations can be made.  Specifically, there are four key regions: 
(a) High ethanol, low hydrogen – mainly associated with low pH and low inoculum pH 
(lower right quadrant) 
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(b) High hydrogen, mainly ethanol and butyrate – mainly associated with low pH 
inoculum at high pH and high pH inoculum at all pH (upper right quadrant). 
(c) Low hydrogen, high propionate – mainly moderate and high pH controls, or moderate 
pH inoculum at low pH.   
Kinetics were most impacted by inoculum pH and kinetic coefficients are given in Table 9. 
This is also qualitatively shown in Figures 15 and 16, with pH 4 experiments taking 
approximately 50 hours to reach asymptotic values, and pH 6 and 8 experiments taking 20 
hours. The results indicate strong, and largely linear relationship to inoculum, with pH 4 
inoculum being very slow, pH 6 being medium speed, and pH 8 being a very rapid inoculum, 
even at pH 4.  There is a non-linear relationship between batch pH and speed, with pH 4 
being the slowest, and pH 6 and 8 being comparable.  Importantly, pH 8 batches were in no 
way inhibited, indicating acclimatisation can occur to high pH, but not low pH. 
 
Table 9 Kinetic coefficients (d
-1
) observed across the study 
Batch 
Inoculum↓ pH 4 6 8 
4 0.7±0.5 0.7±0.4 1.6±1.0 1.3±1.1 
6 3±1 2±1 3±2 3±1 
8 13±6 5±1 8±2 21±8 
 
4.4 Effect of pH on the product spectrum 
Probably one of the largest surprises is that the product spectrum is relatively uniform across 
all tests, with key differences as identified above. Although the product spectrum is 
comparable, the total yield did vary (total mgCOD/L), with low yields only observed at low 
pH, and the lowest rates, and highest delays also occurring under these conditions.  
As shown in Figure 17 (PCA), it is difficult to identify either inoculum pH or batch pH as the 
dominant factor, and neither are statistically significant using a linear model.  It is likely that 
inoculum is dominant, since it clusters better according to this.  However, both clearly 
influence the spectrum.  Interestingly, ethanol and propionate are diametrically opposed, and 
indeed ethanol, hydrogen, and propionate are triametrically opposed on Figure 17, indicating 
their role as opposing electron sinks. We also note that propionate is maximized at moderate 
pH inoculum (pH 6), operating at low and moderate pH levels. This is in line with the 
predictions of González-Cabaleiro et al., (2015), with propionate predicted at moderate pH 
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levels. We note that observation of propionate from mixed cultures is very rate (Temudo, 
2007, Hoelzle, 2015), and that this is one of the first observations of substantive propionate 
production during mixed culture fermentation. The effects of pH on glucose fermentation has 
been studied by many, either in pure culture (Stinson and Naftulin, 1991, Zhu and Yang, 
2004, Collet et al., 2004, Gottwald and Gottschalk, 1985) or in MCF (Zoetemeyer et al., 
1982, Fang and Liu, 2002, Horiuchi et al., 2002, Lu et al., 2011, Ren et al., 1997, Temudo et 
al., 2007). When the microbial communities are regulated to new pH, there is a delay due to 
adaptation to new environment. Nevertheless, the microbial activities produce the same 
product spectra although the pyrotag sequence indicates different microbial communities 
appear. This may due to change in microbial function (Lu et al., 2011) thus the culture 
producing similar product spectrum during their acclimatized environment.  
Zheng et al. (2015) also noted that ethanol-type fermentation has the tendency to lower 
variance in product spectrum. This is due to that not many microorganisms could survive at 
such extreme pH (low or/and high), and reduced tolerance to ethanol. With less diversity of 
microorganisms presence in the system, higher stability of the fermentation operation can be 
obtained. This study concludes that ethanol-type fermentation is more stable those other 
fermentation types.  
4.5 Microbial community structure 
4.5.1 Microbial community in samples 
At the end of the batch experiments, DNA fingerprinting of all batch samples as well as the 
initial inoculums were carried out.  
As with most fermentation cultures (See chapter 3), diversity was relatively low, and only a 
limited number of OTUs (11 in total) could be identified.  These are shown in Figure 18.  Not 
shown is OTU5, which is related to a fungi Candida Albicans. 
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Figure 18  Phylogenetic tree of major OTUs using Neighbour joining method. ** indicates the OTUs 
identified in the batch experiments. Bootstrap values are calculated based on 100 times simulation and 
labelled on the node of each branch  
Figure 18 shows relative abundance across all samples through a heat map, using identifiers 
as shown in Figure 18. Initial samples clearly have very different cultures. For the inoculum 
acclimatized at pH 4, the population was dominant by genus Klebsiella, Sporolactobacillus, 
and Bifidobacterium. The inoculum acclimatized at pH 6 contained family Veillonellaceae 
(the most dominant). Others are from genus Escherichia, Streptococcus, Eubacterium, 
Klebsiella and Bifidobacterium. The inoculum acclimatized at pH 8 has less diversity which 
was majorly dominant by genus Klebsiella and some traces of Escherichia and Eubacterium.  
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Figure 19 Relative population of phylogenetic groups in the batch experiment at different 
acclimatized pH (a) pH4, (b) pH 6, and (c) pH8. Phylogenetic groups accounting for <0.5% of all 
classified sequences are summarized in the artificial group “others” 
With regards to the profiles based on Figure 16, the microbial community is most diverse 
when the culture was acclimatised at pH6 (refer intial_pH6) which would normally infer a 
high metabolic activity within the microbial population (Abbassi-Guendouz et al., 2013), but 
the kinetic results indicate that the pH 8 culture had the highest activity. Samples derived 
from pH 6 inoculums did have highest diversity in product spectrum (Fig 16, 17), with, 
particularly, production of propionate as major additional product.  The results from previous 
work indicate that the highest abundance suggesting a greater divergence of microbial 
population was observed at central pH (Lu et al., 2011). Kanopka et al. (2007) and Sen et al. 
(2008) mentioned that population variability, caused by interspecific competition, produced 
compensatory effects over the total community, increasing ecosystem stability, possibly due 
to increase in spectrum. 
When the pH of an acclimatised culture is modified to another pH, the bacterial community 
deviates from the initial community. Nevertheless, the results here tend to indicate the 
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dominant microbe stays dominant. This observation is important since it indicates a 
decoupling between microbial function and community structure. This is also reflected in the 
product results as discussed in the section above, with both product and microbial spectrum 
retaining key characteristics, but shifting slightly (e.g., away from propionate or hydrogen).  
When the pH 4 inoculum was tested at pH 6 and pH 8, the microbial population was 
dominated by genus Klebsiella. The control (CpH_pH4) and buffered pH 4 contained the 
Sporolactobacillus (95%) and Bifidobacterium (75%), repectively. For inoculums at pH 6, the 
control (CpH_pH6) and manipulated pH 4 contained the same mixture of microbial 
population as the initial inoculums whilst the when tested at pH 8 it shifted to Klebsiella. 
When pH 8 inoculum was tested at pH 4 and pH 6, the microbial community was dominated 
by Eubacterium and Escherica. The control (CpH_pH8) and pH 8 inoculum when tested at 
pH 8 were dominated by Klebsiella in common with the initial community characteristic.  
4.6 Effect of pH changes on the microbial communities 
The effect of pH on individual OTUs is shown in Figure 19, and the effect on the overall 
community shown by dendogram in Figure 20, and by PCA in Figure 21.  
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Figure 20  Dendrogram of microbial community clustered based on bray-curtis dissimilarity. 
The dendogram indicates that there are two discrete clusters; inoculum 6 (green), and 
inoculum 8 (blue), with a number of less related organisms. The PCA provides more succinct 
information and indicates strong clustering according to inoculum for pH 6 and pH 8, and a 
very diverse (and batch affected) community for pH 4.  The diversity of community is also 
demonstrated in this, with pH 6 being dominated by multiple organisms (Escherichia, 
Eubacterium and Streptococcus), and pH 4 and 8 being dominated by key organisms, namely 
Klebsiella (pH 8), and and Bifidobacterium and Sporolactobacillus (low pH). 
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Figure 21 Principle component analysis (PCA) ordination representing variation in the composition of 
microbial communities on taxonomic genus (including sequences unclassified on class, order and 
genus level). PC1 and PC2 explain 42% and 34% of the total variation, respectively. The location and 
length of the arrows (red lines) indicates organism scores along the respective principle component 
Analyses of the structure and variations in the bacterial community provide mechanistic 
explanation as to how product spectrum is varied when pH is manipulated. When the culture 
is ‘forced’ to shift to the desired pH, the microbial community adapts to the regulated 
environment. Thus, when the environment is not forced to change, the microbial community 
slowly tolerate with the unregulated environment. The slow change in pH is due to microbial 
activities.    
4.7  Product Spectrum vs Microbial Community 
Canonical correlation analysis (CCA) is used to assess the association between microbial 
community, product spectrum, and sample.  A CCA plot at all final states is shown in Figure 
22. 
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Figure 22 Canonical correlation analysis (CCA) demonstrating samples and product spectrum. 
This shows clear correlation between: 
(a) Diverse organisms Bifidobacterium and Sporolatobacillus at low pH inoculum, low 
pH batches that produce ethanol. 
(b) The fairly diverse community at pH 6, producing propionate. Veillonellaceae (the 
most dominant). Others are from genus Escherichia, Streptococcus, Eubacterium, 
Klebsiella and Bifidobacterium. 
(c) A number of different organisms at pH 8 that appear functionally equivalent, majorly 
dominant by genus Klebsiella and some traces of Escherichia and Eubacterium. 
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4.8 Discussion and Conclusions 
 
Based on Figure 16 and Figure 17, it is clearly evident conversion was complete in the batch 
experiment except for the pH6 experiment. In line with the continuous experiment (Chapter 
3), the main products are ethanol, butyrate, acetate, hydrogen and propionate. Other products 
such as lactate, formate and succinate were generated at lower amounts, and were 
insignificant to the total recovery. Although glucose was unable to determine, the total yield 
presented in Figure 16 and Figure 17 were likely at its maximum amount before the 
experiment was stopped, at 54 hours and 53 hour for experiment pH6 and pH8, respectively. 
At pH4, the metabolism was observed to be very low hence the experiment was very slow 
and was stopped at after 132 hours. The product spectra and the fraction of the yield were 
observed to be similar. The biomass density was also not measured during the experiment as 
this will induce different rate of glucose fermentation.  
Molecular methods, particularly those involving 16 the 16S rRNA gene, are widely used to 
determine the identity of uncultured microorganisms. With the limitation of culture methods, 
it has not been possible to retrieve most of microorganisms present in mixed culture to 
elucidate the microbial community structure (Amann et al., 1995). The comparison of PCR-
amplified 16S rDNA sequences complemented with screening strategies such as t-RFLP 
provide improved information on microbial community composition. Direct correlation 
between OTU distribution and species distribution may be uncertain because of multiple copy 
rRNA genes (Pontes et al., 2007), PCR bias (Schloss et al., 2011) and cloning bias 
(Watanarojanaporn et al., 2014). However, molecular methods can helps to reveal the present 
of microorganisms that are undetectable by classical cultivation techniques. Nevertheless, the 
fingerprint based on DNA reveals the presence of microbial community structure, not 
activity. In this study, this approach is valuable since the inoculum is a mixed culture and 
originated from the environment. From Figure 19, when the pH of an acclimatised culture is 
modified to another pH, the bacterial community deviates from the initial community. 
Nevertheless, the results here tend to indicate the dominant microbe stays dominant. This 
observation is important since it indicates a decoupling between microbial function and 
community structure.  
It is remarkable that only a change in pH can change the microbial function and community 
structure. Presumably, the emergence of dominant species such as Klebsiella at test pH8 from 
a pH6 inoculum is from within the reactor itself. Similarly, it could be assumed that the 
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transiently dominant populations grew at subdominant level during the acclimatisation 
period. The result of this experiment shows that the identification of the microbial structure 
cannot be directly correlated to the microbial activities, hence their function. 
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5 CONCLUSIONS AND RECOMMENDATIONS 
Mixed Culture Fermentation (MCF) uses environmentally ubiquitous organisms to produce a 
mixture of products depending on the environmental conditions. This has the potential to 
reduce costs, increase reactor loading rates, and allow for continuous reactors, as opposed to 
batch operation. As they are sourced from the environment, mixed cultures do not require 
expensive culture maintenance. In addition, they are capable of dealing with a mixture of 
substrates of variable composition and non-sterile feeds. MCF is a preferable, flexible process 
in that can continuously manipulate product mixtures by changing operational condition. The 
key limitation to industrial implementation of MCF is the difficulty predicting product 
formation based on operational conditions. This is due to a lack of understanding of how 
operational factors affect the various pathways, and hence the product spectrum.  
pH is often considered the most important regulating factor in glucose fermentation.  Changes 
in hydrogen ion concentration influences reductase activity, and hence intracellular and 
extracellular microbial activity. Extensive studies have been conducted to determine the 
effect of pH on MCF product mixtures using glucose, generally focusing on different aims, 
including; production of ethanol (Zoetemeyer et al., 1982, Ren et al., 1997), specific organic 
acids (Horiuchi et al., 2002, Temudo et al., 2007), or hydrogen (Fang and Liu, 2002). Results 
have been contradictory.  
Microbial community structure in MCF also appears influenced by pH, based on current, 
limited analysis. Temudo et al. (2008a) found (using DGGE) that Clostridia dominated at 
high (7.5-8.5) and low (4.0-5.5) pH, while Klebsiella dominated at intermediate pH levels 
(6.25-7.0). A wide range of organisms are capable of fermenting glucose to organic acids and 
this diversity will increase for more complex feedstocks (e.g. mixed waste). The microbial 
composition of mixed culture can be highly sensitive to operation conditions (Temudo et al., 
2008) and lead to large variation in product mix (Hoelzle et al., 2014).  Unlike a pure culture, 
MCF cannot be fundamentally modelled using whole cell metabolic models (Kraemer and 
Bagley, 2006), as the selection of enzymes and pathways is far wider, and not entirely known 
(Rafrafi et al., 2013). Several issues have been identified that limit MCF in industrial 
application. Apart from the unreliable product prediction under certain conditions, the 
interaction between microbial populations in MCF is also not well understood (Rafrafi et al., 
2013, Rodríguez et al., 2006). 
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5.1 Continuous experiment 
The main conclusions derived from the continuous experiment are; 
1. pH has a strong impact on the product spectrum of glucose fermentation. Main yields 
are ethanol, butyrate, acetate, hydrogen and propionate. Other products such as 
lactate, formate and succinate are insignificant in comparison. The range of products 
was similar at all pHs but there were some differences in the proportions of each 
products, particularly between low pH (pH 4.0-pH 6.5) and high pH (pH 7.0-pH 8.5). 
At low pH, product yield mainly consisted of butyrate and acetate. At high pH, the 
product yield shifted to acetate and ethanol.  
2. Different approaches to regulating pH had an impact on the degree to which products 
changed with a change in pH, with the reset approach (changing back to a central pH 
at each point) causing a much more pronounced shift in product spectrum, particularly 
to ethanol at high pH.  However, the pH setpoint was the overall factor influencing 
product spectrum. 
3. Microbial community was influenced by both pH and mode, with progressive pH 
having an even microbial spectrum, approximately evenly split between Klebsiella 
and Clostridium.  However the reset method showed a strong shift from Clostridium 
at low pH to Klebsiella at high pH. 
4. In the N2 flushing experiment, headspace dynamics were also found to strongly 
influence the system and product spectrum, under both dynamic and static conditions. 
Membrane Inlet Mass Spectrometry (MIMS) was an effective tool to monitor both 
static and dynamic conditions. 
5. Dynamic experiments identified multiple time scales in response to changes in both 
sparge rate and pH changes, with direct chemical effects in the liquid (due to pH 
changes) being on the order of 1000 d
-1
, effects of changes in liquid to the gas (and 
gas to liquid) being on the order of 100 d
-1
, and biological responses (in chemical 
product spectrum) on the order of 1 d
-1
, mainly measured as ethanol changes.  
Microbial community changes would be on an even longer scale than this. 
5.2 Batch experiments 
The work in chapter 3 made it evident that culture history has an important impact on the 
dynamic response of the system to pH changes, but that the main factor influencing product 
spectrum, and microbial community was still the current pH. Thus, the batch experiment was 
developed to further investigate the short term response of a strongly acclimatised culture. It 
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was expected that although a drastic change may observed in the microbial community 
structure, the change in product spectra may be slow. 
The main conclusion derived from the batch experiments is that the primary factor 
determining both spectrum and microbial community was the inoculation pH. This also 
determined kinetics, with biomass inoculated at pH4 being very slow in batch (1 d
-1
), and 
producing mainly ethanol, and biomass inoculated at higher pH levels being pH 6 (3 d
-1
) and 
8 (10 d
-1
) being progressively faster.  The slowest batches were at batch pH 4 for each 
inoculum regardless of the inoculation pH.   Batches using inoculum also had the highest 
variation in both batch product spectrum, and in microbial community variability, possibly 
indicating that the pH 4 inoculum had poor general capability, and thus shifted substantially 
in phylogeny and functionality as pH changed in batch. 
Overall, the general idea of this thesis is to be able to assist in predicting the MCF product 
spectrum. An approach by González-Cabaleiro et al. (2015) recently has been proposed to 
model the MCF.  The model has more improvements with regards to a previous model 
approach (Rodríguez et al., 2006). This new approach treats the mixed culture fermentation 
as networks that optimize the energy harvest rate of the overall mixed microbial population. 
This approach does also assume that the mixed culture microbial community is independent 
towards its ecosystem or origin. This approach is currently limited by not considering 
individual physiological constraints, which the current thesis indicates is important, 
particularly under dynamic conditions. 
Operational condition such as  pH value of the system has showed to have a large impact on 
the product spectrum and also on the composition of the microbial population established. It 
is known that different bacteria have developed different strategies to adapt to change in 
conditions. This explains the occurrence of different microbial populations at different pH 
values. However, the exact effect of the pH on the catabolism remained unclear and therefore 
difficult to explain in a general metabolic model (Rodriguez et al., 2006).  
pH 6 is presumed to be the ‘optimum’ condition for a wide range of microbial community to 
be present (based on Figure 19). However, no intracellular pH measurements were conducted 
to determine whether the environmental pH has an impact on the intracellular pH. A study 
has shown that an intracellular pH range between 6 to 8.5 is common with an external pH 
between 4 and 9 (Thomassin et al., 2006).  The analogy is that, the change in microbial 
community is faster than the change in product spectrum and we have assumed that the 
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microbial community has changed in their function. One possible measurement that can be 
done is via intracellular pH measurement. The determination of intracellular pH may provide 
extra information on the ratio of NADH/NAD to further explain the impact of pH on the 
product spectrum. This may help to improve the information on the modeling of MCF yield 
prediction (González-Cabaleiro et al., 2015).  
One important aspect to take into consideration is that different bacteria may be adapted to 
specific intracellular ratios, which would make more difficult to draw conclusions from these 
analyses when different populations are selected at each pH value. Therefore, these kinds of 
analyses will always need to be accompanied by methods for characterization of the 
microbial population. 
 
5.3 Recommendations  
An enhanced technique in microbial analyses such as metagenomics, proteomic and 
metatranscriptomic helps to reveal new insights into phylogenetic and functional diversity of 
microbial communities. The whole microbial genome sequencing technique used in this 
thesis has helped to improve understanding on the microbial ecology and its function, through 
a comprehensive and integrated approach using DNA. This whole genome sequencing 
technique has provided unprecedented insights into microbial processes at the molecular level 
and community ecology. Several techniques or analyses may be recommended for the use in 
future studies in MCF to discover and characterise the vast microbial diversity and 
understanding their interactions with biotic and abiotic environmental factors.  
A metagenomics analysis provides access to phylogenetic and functional diversity of 
uncultured microorganisms (Handelsman, 2004), thus makes this an important step to 
understand the roles of the microorganisms community and their function in an environment. 
Metagenomic libraries have proven to be a great source of information on microbial enzymes 
(Riensenfield et al. 2004; Rondon et al. 2000). The libraries containing small DNA fragments 
which provide better coverage of the metagenome of an environment than those with larger 
fragment such in PCR. The libraries could be screened either by sequence-driven 
metagenomic analysis that involves massive high-throughtput sequencing or by functional 
screening of expressed phenotypes (Riensenfield et al. 2004). Sequence driven massive 
whole genome metagenomic sequencing sheds light on many important genomic features 
such as redundancy of functions in a community, genomic organizations and traits that are 
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required from distinctly related taxa through horizontal gene transfer (Handelsman 2004). In 
function-driven metagenomic analysis (functional metagenomics), libraries are screened 
based on the expression of a selected phenotype on a specific medium. 
Proteomics analysis deals with the large-scale study of protein expressed by the microbial 
communities at specific time (Wilmes and Bond, 2006; Keller and Hettich, 2009). Protein 
biomarkers are more reliable and provide better understanding on the metabolic functions that 
the functional genes (Wilmes and Bond, 2006). In this analysis, physiological responses of 
microbial communities under stress condition could be identified which then reflects changes 
in the functional status of the communities.  
Nevertheless, to understand the microbial communities function in their natural environment 
is the aim in microbial analysis. Analysis using RNA provides more information than the 
DNA in revealing active microbial communities over the dormant microbial communities 
(Torsvik and Ovreas, 2002). This is because the rRNA and the mRNA are the indicators of 
functionally active microbial populations. Metatranstripomics monitoring of microbial genes 
expression profile by sequencing mRNA. This analysis is best used to measure changes in 
gene expression and their regulation in environmental changes.  
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Abstract: Mixed culture anaerobic fermentation generates a wide range of 
products from simple sugars, and is potentially an effective process for producing 
renewable commodity chemicals. However it is difficult to predict product 
spectrum, and to control the process. One of the key control handles is pH, but the 
response is commonly dependent on culture history. In this work, we assess the 
impact of pH regulation mode on the product  
spectrum. Two regulation modes were applied: in the first, pH was adjusted from 
4.5 to 8.5 in progressive steps of 0.5 and in the second, covered the same pH 
OPEN ACCESS 
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range, but the pH was reset to 5.5 before each change. Acetate, butyrate, and 
ethanol were produced  
throughout all pH ranges, but there was a shift from butyrate at pH < 6.5 to 
ethanol at  
pH > 6.5, as well as a strong and consistent shift from hydrogen to formate as pH 
increased. Microbial analysis indicated that progressive pH resulted in dominance 
by Klebsiella, while reset pH resulted in a bias towards Clostridium spp., 
particularly at low pH, with higher variance in community between different pH 
levels. Reset pH was more responsive to changes in pH, and analysis of Gibbs 
free energy indicated that the reset pH experiments operated closer to 
thermodynamic equilibrium, particularly with respect to the formate/hydrogen 
balance. This may indicate that periodically resetting pH conforms better to 
thermodynamic expectations. 
Keywords: Fermentation; mixed culture; glucose; pH control; pH regulation 
method 
 
1. Introduction  
Fermentation is commonly used to produce food materials (beverages, dairy products), 
renewable fuels (hydrogen, ethanol), pharmaceuticals (antibiotics), and industrial chemicals 
(acetate, butyrate). In industrial fermentation, specialized pure microbial cultures are normally 
used to generate specific products. This requires expensive, sterile production conditions with 
high-quality raw materials. In contrast, mixed culture fermentation (MCF) uses 
environmentally ubiquitous organisms to produce a mixture of products depending on the 
environmental conditions [1,2]. As they originate from the environment, mixed cultures do not 
require expensive culture maintenance. In addition, they are capable of growing on a mixture of 
substrates of variable composition and non-sterile substrates [3,4]. Because of this, mixed 
culture has the potential to reduce costs, increase reactor loading rates, and allow for continuous 
reactors, as opposed to batch operation [2,3]. The premise is that one can continuously 
manipulate product mixtures by changing operational conditions [2]. The key limitation to 
industrial implementation of MCF is that the product spectrum often varies from 
thermodynamic expectations although the system is systematic and repeatable [5]. This mainly 
occurs due to a lack of understanding of how operational factors affect the microbial 
community/functionality, and hence the product spectrum.  
pH is often considered the most important regulating factor in glucose fermentation [5–8]. 
Changes in proton availability influence reductase activity, and hence intracellular and 
extracellular microbial activity [9]. Extensive studies have been conducted to optimize MCF 
production towards specific products from glucose including: ethanol [10], specific organic 
acids [5,8], or hydrogen [11], with controversial results. For example, Ren et al. [10] found that 
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ethanol production was maximized when pH values were between 4.3 and 4.9 (yield: 0.4–0.9 
mol ethanol per mol glucose), whilst Temudo et al. [5,12] found that ethanol production was 
maximized at pH between 6.25 and 8.5 (yield: 0.58–0.7 mol ethanol per mol glucose). The 
role of pH in regulating product spectrum has also been studied using pure cultures, more 
often of Clostridium spp.. In a study conducted with Clostridium pasteurianum, Heyndrickx 
et al. [13] found that ethanol was formed at the level of 0.02 mol per mol of consumed 
glucose when pH was regulated at 5.5 and the yield increased three times at pH 8.0. Other 
studies found that pH values affected the gas and microbial metabolite production when 
feeding glucose [14] or alanine [15]. Butyric acid fermentation of xylose by C. tyrobutyricum 
changed from predominant butyric acid at pH 6 to lactate and acetate at pH 5 [16].  
Microbial community structure in MCF is also influenced by pH, based on the scarce data 
in the literature. Temudo et al. [12] used denaturing gradient gel electrophoresis (DGGE) to 
find that Clostridium dominated at high (7.5–8.5) and low (4.0–5.5) pH, while Klebsiella 
dominated at intermediate pH levels (6.25–7.0). A wide range of organisms are capable of 
fermenting glucose to organic acids and the microbial diversity will be increased when 
complex feedstocks are used (e.g., mixed waste). In this case, variation in product yield and 
spectrum is expected [17]. 
Fermentation has been classified in three broad types of reactions; namely (1) butyrate-
type, (2) propionate-type, and (3) ethanol-type fermentations. Acetate is always produced as a 
volatile fatty acid (VFA) product. Excess carbon and electrons are released as carbon-dioxide 
and hydrogen respectively. In butyrate type fermentation, butyrate and acetate are produced 
as main end products and hydrogen and carbon dioxide are produced as by-products [18]. In 
propionate type fermentation, propionate and acetate are produced as main products, valerate 
is produced in small amounts and there is no substantial gas production [19]. In ethanol-type 
fermentation, ethanol and acetate are produced as main end products and hydrogen and 
carbon dioxide are produced as by-products [19].  
The effect of pH on regulation of these pathways is understood in broad terms, but there 
are unexplained deviations [6,7]. For example, it is unknown whether product spectrum is 
dominated by phylogenetic (microbial community) or physiological (chemical) factors. When 
pH is changed incrementally and progressively, the culture gradually adapts to a new pH and 
is acclimatized. This adaptation results in a gradual change in product mix as pH changes, 
with particular shifts to propionate and/or ethanol at high and low pH values [8,11,20,21]. 
The alternative is to set a reference pH in advance and then adjust to another pH (reset). 
Temudo et al. [5] and Van Ginkel and Logan [21] observed a rapid change in product 
mixtures when pH was changed in this way. At first, butyrate yield was high (yield: 0.5–0.7 
mol per mol·glucose) when pH was between 4 and 5.5. A sudden “swap” between butyrate 
and ethanol production occurred at pH 6 and ethanol yield was high (yield: 0.6–0.7 mol per 
mol·glucose) at pH between 6 and 8.5. In the same way, hydrogen yield was between 1.2–1.6 
mol per mol·glucose when pH was between 4 and 6.5. A sudden decrease of hydrogen yield 
(0.1-0.4 mol per mol·glucose) was observed when pH was between 7 and 8.5 [5].  
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One of the key questions is whether mixed cultures behave differently when the pH is 
gradually altered or undergoes large step changes. This paper evaluates comparative product 
spectrum when pH is step changed from a central value versus gradually changed. 
2. Experimental Methods 
2.1. Inoculum 
Inoculum was 200 mL anaerobic digestate from a full-scale mesophilic anaerobic digester 
in Brisbane, Australia and the reactor was re-inoculated before each experiment. Reactors 
were inoculated in batch mode at 35 °C, without pH regulation for a week. The continuous 
flow was initiated once gas production was observed. 
2.2. Reactor Setup 
A 1.5 L continuous stirred tank reactor (CSTR) (1.3 L working volume) was used. Prior to 
starting each experiment, the reactor was thoroughly cleaned and sparged with N2 gas before 
inoculation. The reactor was equipped with an immersed glass heater (25W Aqua One
TM
, 
Southampton, UK) to maintain the temperature at 35 °C and a pH probe to control the pH by 
feeding 1M NaOH by peristaltic pump. A glass thermometer was added to monitor the 
temperature. The system was fed by a peristaltic pump (Watson-Marlow Inc., Wilmington, 
MA, USA) from separate containers of pure glucose solution and basal media. A glass U-tube 
was fixed to the effluent port to provide a liquid lock, and hence anaerobic conditions. Gas 
flow was measured by a tipping-bucket type meter, with a bucket volume of 3 mL, and a 
constant pressure of approx. 3 cm water. All equipment was interfaced to computers via a 
programmable logic controller (and interfacing software used for data logging and set-point 
modification. The set-up is illustrated in Figure 1. 
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Figure 1. Schematic diagram of reactor set-up. 
2.3. Reactor Operation 
Three series of experiments were done in a CSTR with a feed concentration of 5 g/L 
glucose in basal anaerobic media [22] at 35 °C, with a 6 hour hydraulic retention time (HRT) 
and pH varying from 4.5 to 8.5 ( 8.0 in the third series as the culture failed at 8.5). During the 
progressive pH approach, pH was stepped progressively from pH 5.5 up to pH 8.0, then from 
pH 5.5 to pH 4.5; with a pH interval of 0.5. The actual points were: 5.5  6.0  6.5  7.0 
 7.5  8.0  8.5  5.5  5.0  4.5, with steady state reached and held for 12 hours (2 
HRTs) at each pH. The entire cycle was done twice, and results presented here are the 
average from the two replicate experiments. Errors represent variation in replicate samples 
and experiments.  
During the reset pH approach, pH was changed from pH 5.5 to the next pH with a 0.5 
interval, then reset back to pH 5.5. The pH was reset according to this order: 5.5  5.0  5.5 
 4.5  5.5  6.0  5.5  6.5  5.5  7.0  5.5  7.5  5.5  8.0  5.5. The pH 
extrema of 4.5 and 8.0 or 8.5 were the points at which washout occurred. The central pH of 
5.5 was chosen as the native pH with no acid or base dosing. 
Reactor performance was monitored by membrane inlet mass spectrometer (MIIMS) [22] 
online with separate MIMS probes in liquid and gas phases. The system was considered to be 
in steady-state when the signals from MIMS were stable. 
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2.4. Chemical Analysis 
Gas composition. Gas composition was analyzed using a gas chromatograph (Shimadzu 
GC-8A, Brisbane, Australia) equipped with a thermal conductivity detector. The content of 
hydrogen (H2) and carbon dioxide (CO2) were measured on a daily basis.  
Liquid sample. Five liquid samples from the reactor and two liquid samples from the inlet 
were collected over two HRT at steady state. VFAs, glucose, lactate, formate, pyruvate, and 
ethanol were measured by GC-FID (PerkinElmer, Melbourne, Australia) with polar capillary 
column (Agilent Technologies, Santa Clara, CA, USA) at 140 °C. Samples were preserved 
with 0.05% of sodium azide prior to measurement to avoid further degradation of substrate. 
100 mL of unfiltered sample were collected from the outlet port for total solid (TS) and 
volatile solid (VS) determination as described in standard methods [23].  
2.5. Data Processing and Statistical Analysis 
Chemical oxygen demand (COD) equivalent calculations were done on the stoichiometric 
oxygen requirement of the pure compound (excluding ammonia). For example, for acetate: 
CH3COOH + 2O2  2CO2 + 2H2O (64 gCOD/mole·Acetate) 
Errors in mean concentrations were estimated from a two tailed t-test: 
    
         
  
  
 
where sx is the standard deviation of the replicates, n is the number of replicates (generally 5), 
tn-1,/2 is the tcrit for n-1 degrees of freedom, and /2 = 0.025 (5% significance threshold) 
(t4,0.025 = 2.776). Errors in calculated values were determined through analytical propagation 
of variance [24]. 
2.6. Microbial Analysis 
Microbial analysis was performed according to Lu et al., [25]. Genomic DNA was 
extracted with Fast DNA Spin for soil kit. 16S rRNA were amplified by primer set 63F (5'-
CAG GCC TAA CAC ATG CAA GTC-3') [26] with a fluorescent label on the 5 prime end, 
and 1389R (5'-ACG GGC GGT GTG TACAAG-3') [26] and PCR products were digested 
with the restriction enzymes (RE) MspI (5'-C^C G G-3') (ThermoFisher Scientific, Waltham, 
MA, USA) for terminal restriction fragments length polymorphism (TRFLP) analysis. 
3. Results  
3.1 Major VFA Products  
Yields per mole of consumed glucose were calculated for acetate, butyrate, ethanol, 
propionate, lactate, succinate, hydrogen, formate, and biomass. Glucose was always 
completely consumed within the margin of error in the COD balance (< 10%), and all 
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balances closed within 10%. Glucose was only found in the effluent during the reset pH 
approach between pH 6.5 and 7.5 (23%–25% glucose was not consumed). Products such as 
valerate, hexanoate, and pyruvate are not reported as the total of these yields was less than 
0.2% of consumed glucose under all conditions. 
Figure 2 shows the effect of pH on the product yields in mixed culture glucose 
fermentation. The error bars indicate the error in the COD balance of the inlet substrate and 
the total COD yield at the outlet. In general, errors were smaller for reset pH approach 
compared to progressive pH approach, partly because of variations between the two 
progressive pH approach runs, and partly because of improved methods during reset pH 
approach (it was the last experiment done). The fractional yield of each product (shown in 
Figure 2) indicates (from bottom to top) that while spectrum was broad, acetate, butyrate, and 
ethanol were the dominant products (60% of total product, 80% of catabolic product). In 
general, there was a similar trend with a shift from butyrate to ethanol/acetate as pH 
increased, but the two pH regulation methods resulted in very different shift patterns. 
Specifically, progressive pH variation caused a gradual shift from butyrate-acetate to acetate-
ethanol as pH increased, while reset pH variation caused a step change from acetate-butyrate, 
to acetate-ethanol fermentation above pH 6.5. Ethanol to acetate ratios were not substantially 
influenced by pH (Figure 2), while ethanol:butyrate and acetate:butyrate were significantly 
and similarly affected (Figure 3). This indicates a bimodal system, with either butyrate 
dominant fermentation, or ethanol-acetate dominant fermentation. The reset pH approach 
resulted in a clear product shift at pH 7, particularly with an almost complete shift to ethanol-
acetate fermentation (Figure 3). 
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Figure 2. Influence of different pH regulation approach to product spectrums of 
glucose (in % produce) fermentation in progressive pH approach (top) and reset 
pH approach (bottom). Error bars are 95% confidence intervals based on two-
tailed t-tests (n = 5). 
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Figure 3. Influence of pH regulation approach on relative acetate:butyrate, 
ethanol:butyrate, and ethanol:acetate ratios for reset pH approach (grey square) 
and progressive pH approach (dark diamond) (Note: logarithmic scale)  
Of the C3 products, only lactate appeared in substantial amounts, and largely during reset 
pH approach at low pH values. In both cases, biomass yield was maximized at pH 6, but 
overall, biomass was not substantially influenced by pH, averaging 20% (Figure 2).  
3.2 Hydrogen and Formate (Electron Sinks) 
Hydrogen and formate are important as default electron sinks. Hydrogen and formate 
showed a similar trend for the different pH regulation methods from low to high pH, with 
mainly hydrogen being produced at low pH, and mainly formate at high pH. However, the 
reset pH approach showed a greater degree of response, while for progressive pH approach a 
gradual change with pH was observed (Figure 4).  
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Figure 4. Influence of pH regulation approach on the hydrogen and formate 
produced as a function of pH in progressive pH approach (top) and reset pH 
approach (bottom). Ratio of H2 to total H2 and formate is indicated as dark 
diamond and ratio of formate to total of H2 and formate is indicated as grey 
square. 
3.3 Microbial Community  
The two pH control approaches resulted in a different microbial response to pH changes 
(Figure 5). The TRFLP analysis used generally identified the majority of the community, 
with five major peaks except pH 6 in the reset pH approach, which had a much more diverse 
community. pH 5.5 was the starting point of both approaches, however, progressive and reset 
pH approach were dominated by Clostridium C and Unknown T-RFs respectively. Despite 
the microbial community at pH 5.5, Klebsiella dominated at low pH ranging from 4.5 to 6.5 
for progressive pH approach with Clostridium B emerging at pH 6.5 and dominating after pH 
7. The opposite trend was observed in the reset pH approach where Klebsiella dominated at 
high pH ranging from 7 to 8, while Clostridium A and B dominated at pH 4.5 and 6.5, 
respectively. 
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Figure 5. Species affiliated T-RFs (16S rRNA gene target) proportional area for 
progressive pH approach (top) and reset pH approach (bottom) at each pH point. 
Bars are split based on Klebsiella (top) and Clostridium and unknown (bottom) 
prominence. Klebsiella was identified as K. rennanqilfy, Clostridium A was 
identified as C. thermocellum, Clostridium B was identified as C. botulinum and 
intestinale, and Clostridium C was identified as C. pasteurianum. 
4. Discussion  
As pH was progressively changed, the product spectrum also gradually changed. This is 
consistent with our previous findings where the fermenting culture retains some degree of 
function from the previous set point [25]. This can be partially explained by the gradual 
adaptation of the culture to the changing pH [20]. In the reset pH experiment, however, the 
product spectrum suddenly swaps from acetate-butyrate production to acetate-ethanol 
production from pH 6.5 to 7. One possible explanation is that the culture community changed 
from acetate-butyrate to acetate-ethanol producers.  
As identified in previous work [25] on the reset pH approach, there is generally a carry-
over of the microbial population from the preceding pH to the subsequent pH (high or low). 
In addition, the speed of phylogenetic changes in response to the environment is slower than 
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chemical changes (i.e., species present at central pH points of 5.5 were also present at 
subsequent stages). This may explain the variation of microbial community at the same pH 
through different approaches, especially on Klebsiella and Clostridium. While genus 
Clostridium is commonly associated with acetate and butyrate production from glucose [26], 
there is some discrepancy between this expected phenotype and the T-RFs that were identified. 
C. thermocellum was closely related to Clostridium A T-RF [25] dominating at pH 4.5 and 6.0 
with high acetate production in reset pH approach. However, C. thermocellum has been studied 
primarily for ethanol and acetate production at neutral pH, and generally under thermophilic 
conditions [27]. Similarly, both C. botulinum and C. intestinale were closely related to 
Clostridium B T-RF [25] dominating at pH 6.5 or 7.0–8.0 in reset and progressive pH 
approaches, respectively, where butyrate production increased. The generally expected 
product profiles for these species are butyrate, acetate, and lactate under acidic and under 
neutral pH conditions [28]. Interestingly, butyrate was the major product at pH 4–6 in 
progressive pH approach (Figure 4) which seems to be mainly contributed by Clostridium B 
and Clostridium C (closely related to C. pasteurianum, [13]), although Klebsiella T-RF 
dominated. Klebsiella is generally associated with 2,3-butanediol and acetoin production 
[29]. However, K. aerogenes (K. mobilis) has been shown to produce ethanol, acetate, and 
formate in glucose-limited conditions that were similar to this study [30]. Sequences of 
Klebsiella T-RF were obtained from the clone library [25] and were placed within 
unclassified Klebsiella, although the closely related identified group is K. planticola which 
produces formate and ethanol from fermenting glycerol [31].  
There is a clear split in reset pH approach between the ecology at pH ≤ 6.5 and pH ≥ 7 
from Clostridium shifting to Klebsiella while the opposite was identified in the progressive 
pH approach. These trends reflect the product spectrums of each approach and suggest that 
the act of resetting the pH enables the switch from a culture of acetate-butyrate producers to a 
culture of acetate-ethanol producers. However, the mechanism enabling this switch is 
unclear. Resetting the pH may either stress Clostridium, or strengthen Klebsiella, allowing 
for equal contention at the following pH. It is also unclear whether resetting to an alternative 
pH would provide the same effect, or if this is only seen when resetting to an acidic pH.  
The order of pH progression in the progressive pH approach likely played a role in the 
observed product spectrum. It is unknown whether in a scheme running from high pH to low, 
high ethanol production would have persisted well into the acid range. The high butyrate and 
low ethanol production at low pH (immediately after the high range in the experimental 
progression) could be due to resetting the pH to 5.5 following 8 allowed for re-emergence of 
the acetate-butyrate metabolic characteristic. 
The reset pH approach resulted in a more selective and comparable product spectra than the 
progressive pH approach, likely due to a lesser bias (towards Klebsiella as described above). 
Temudo et al. [12] suggests that the response of microbial community is strongly dependent 
on the cultivation history. This work demonstrates that it is the discreteness of metabolic 
shift, rather than the general outcomes which are influenced by cultivation history. That is, 
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the same products result, but that the culture is more responsive when conditioned by a 
dynamic pH regime. 
Figure 4 indicates that the shift from hydrogen to formate also follows this trend. Further 
analysis can be done on the hydrogen-formate subsystem by calculating the distance from 
thermodynamic equilibrium (G’ = 0) for the reaction HCOOH  H2 + CO2 (Figure 6). A 
more detailed analysis of this in context of fermentation as a whole can be found in 
González-Cabaleiro et al. [6]. Points above the line mean more formate is produced than is 
thermodynamically favorable, points below the line mean more H2 is produced than is 
thermodynamically favorable. The results indicate that H2 was generally favored as an 
electron sink over formate. The results from the progressive pH approach show a greater 
deviation toward excessive H2 production at higher pH than in the reset pH approach, 
supporting the assertion that the culture is retaining previous function. Additionally, as 
discussed by Hoelzle et al. [7], H2 versus formate production is determined, at least partially, 
by the pH-dependent enzyme formate dehydrogenase (Fdh), and by the relative expression of 
two different pyruvate conversion pathways. Comparing the persistent production of H2 at the 
expense of formate at high pH in the progressive approach with the sudden swap in 
production in the reset approach, it is suggested that Fdh may remain active when the change 
in pH is not drastic. 
 
Figure 6. Gibbs free energy (kJ/mole) for the reaction CO2 + H2  HCOOH of 
reset pH approach (grey square) and progressive pH approach (dark diamond). 
Equation G’ = G° + RT ln Q, where G° = H° − S° is used for calculation. 
Even though both regulation approaches had a similar overall product spectrum, relative 
fractions of some particular intermediates, such as lactate, were different. According to 
Madigan et al. [8] there are two main factors affecting fermentation type, including (1) 
accumulated mass of fermentation products in the reactor, and (2) ratio of NADH/NAD
+
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inside the microbial cells. NAD
+
 is the principle intracellular electron acceptors and the ratio 
of NADH/NAD
+ 
determines the intracellular redox state. NADH is oxidized to NAD
+
 by 
reduction of hydrogen ions to hydrogen gas. According to Temudo et al. [5], hydrogen 
production is independent of NADH generated during glycolysis but extensively utilizes 
NADH from pyruvate oxidation to acetyl-CoA. Therefore, where NAD
+
 cannot effectively be 
regenerated by production of hydrogen gas or formate, lactate (or other reduced 
intermediates, including ethanol) may accumulate. Hydrogen as terminal electron acceptor 
becomes less favorable at increased pH due to a lack of hydrogen ions, and formate is instead 
favored. The more rapid shift as observed in reset pH approach can enable organisms to 
better utilize different pathways to use either hydrogen or formate as terminal electron 
acceptor.  
5. Conclusions  
Production of fermentation products was affected by both specific pH set-point and the 
way pH was varied. Although a common product spectrum (acetate, butyrate, ethanol) was 
observed in all pHs of both approaches, a shift was observed from butyrate at < pH 6.5 to 
ethanol at > 6.5. Applying “jumps” in regulating pH allows the system to become more 
responsive. This is also shown by microbial analysis, which was more dynamic under reset 
conditions, and bias towards Clostridium spp. at low pH. Analysis of Gibbs free energy 
indicates that when pH was reset to a common value of 5.5 between experiments, the system 
operated closer to thermodynamic equilibrium than when pH was progressively changed 
from low to high values (and vice versa). Thus reset pH method is more stable and allows 
product selection.  
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APPENDIX B: Additional data on continuous experiment  
 
Table B1 COD conversion table 
            
  C H O N MW C H O N MW 
 
(g/gO2) 
Glucose 6 12 6   180 1 2.00 1.00 0.00 30.03 0.94 
Biomass 5 7 2 1 113 1 1.40 0.40 0.20 22.62 0.61 
Acetic 2 4 2   60 1 2.00 1.00 0.00 30.03 0.94 
Propionic 3 6 2   74 1 2.00 0.67 0.00 24.69 0.66 
Butyric 4 8 2   88 1 2.00 0.50 0.00 22.03 0.55 
i-Butyric 4 8 2   88 1 2.00 0.50 0.00 22.03 0.55 
Valeric 5 10 2   102 1 2.00 0.40 0.00 20.43 0.49 
i-Valeric 5 10 2   102 1 2.00 0.40 0.00 20.43 0.49 
Hexanoic 6 12 2   116 1 2.00 0.33 0.00 19.36 0.45 
Lactic 3 6 3   90 1 2.00 1.00 0.00 30.03 0.94 
Formic 1 2 2   46 1 2.00 2.00 0.00 46.03 2.88 
Succinic 4 6 4   118 1 1.50 1.00 0.00 29.52 1.05 
Pyruvic 3 4 3   88 1 1.33 1.00 0.00 29.35 1.10 
Ethanol 2 6 1   46 1 3.00 0.50 0.00 23.03 0.48 
H2   2   
 
2           0.13 
 
53 
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Figure B1 Yields at pH5.5 for rest pH and its sequence in conducting the experiment (left to right) 
 
Figure B2  T-RFLP result with different restriction enzymes,  A)  MspI digestion and B) Sau3AI 
digestion for the upstream (pH 5.5 to pH 8.5) from progressive pH experiment.  Legends correspond 
to the size of peak obtained from T-RFLP.  Error bars indicate the standard errors in the percentage 
total community of each peak. 
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Figure B3 T-RFLP result with A) Msp I digestion; B) Sau3AI digestion for reset pH experiment. 
Legends correspond to the size of peak obtained from t-RFLP error bars indicate the standard errors in 
the percentage total community of each peak. 
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APPENDIX C: Additional data on batch experiments 
 
 
 
Figure C1 OTUs 5 is closely related to Candida species of Fungi  (Clostridium celerecrescens as out 
group) (Mentioned in section 4.5.1) 
 
 
 
 
 
 
 
 
 
 
 118 
 
Cumulative H2 Cumulative CO2 
  
  
 
 
 
Figure C2 Cumulative gases (H2 and CO2) measured during batch tests 
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